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ABSTRACT
A CHARACTERIZATION OF THE BACTERIOPHAGE 41c  AND 
ITS LYTIC CYCLE IN BACILLUS SUBTILIS 168
by
DENISE MARATEA 
U n i v e r s i t y  o f  New H a m p s h ire ,  May, 1982
The u l t r a s t r u c t u r e  o f  t h e  l y t i c  c y c l e  o f  p h a g e  41c i n  B a c i l l u s  
s u b t i l i s  168 was ex am in ed  b y  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  T h in  
s e c t i o n s  o f  p h a g e  4 l c - i n f e c t e d  c e l l s  r e v e a l e d  t h a t ,  p r i o r  t o  t h e  
a p p e a r a n c e  o f  p h a g e  s t r u c t u r e s ,  a  m arked  r e a r r a n g e m e n t  o f  t h e  t i g h t l y  
p a c k e d ,  v e s i c u l a r  m esosom es was u s u a l l y  s e e n  w i t h i n  t h e  h o s t  c e l l s .
T h ese  m esosom es o p en ed  up  i n t o  l o o s e l y  a r r a n g e d ,  l a m e l l a r  fo rm s .
As p h ag e  a c c u m u la te d ,  t h e y  a p p e a r e d  t o  be  p r e f e r e n t i a l l y  a s s o c i a t e d  
w i t h  t h e  m esosom es. Tow ards  t h e  l a t e r  p o r t i o n  o f  t h e  l y t i c  c y c l e ,  t h e  
m esosom es to o k  on  d i s t i n c t i v e ,  l o o s e l y  o r g a n i z e d ,  s p i r a l  c o n f i g u r a t i o n s .  
T hese  u l t r a s t r u c t u r a l  c h a n g e s  o c c u r r e d  e v e n  i n  t h e  p r e s e n c e  o f  c h l o r ­
a m p h e n ic o l ,  i n d i c a t i n g  t h a t  p r o t e i n  s y n t h e s i s  was n o t  r e s p o n s i b l e  f o r  
t h e  a l t e r a t i o n s .  S in c e  i t  w as p o s s i b l e  t h a t  p h ag e  a s s e m b ly  was mesosome 
a s s o c i a t e d ,  i n f e c t e d  c e l l s  w e re  t r e a t e d  w i t h  ly so zy m e  to  fo rm  p r o t o ­
p l a s t s .  H ow ever, phage  w ere  n e v e r  fo u n d  w i t h i n  t h e  e x t r u d e d  m esosom es. 
F u r th e r m o r e ,  p h a g e  r e p l i c a t i o n  o c c u r r e d  i n  p r o t o p l a s t s ,  a l t h o u g h  t h e  
b u r s t  s i z e  was d e c r e a s e d .  S u c r o s e - s t a b i l i z e d  p r o t o p l a s t s  o n l y  p r o ­
duced  a  b u r s t  o f  1 - 2 % o f  t h a t  i n  w h o le  c e l l s ,  w h i l e  s o r b i t o l - s t a b i l i z e d  
p r o t o p l a s t s  p ro d u c e d  a  b u r s t  o f  25-30% o f  t h a t  i n  w ho le  c e l l s .
R e s u l t s  o f  e n e r g y - d i s p e r s i v e  X - ra y  a n a l y s i s  i n d i c a t e d  l e s s  p d t a s s iu m  
and  p h o s p h o ro u s  i n  i n f e c t e d  c e l l s  t h a n  i n  n o n i n f e c t e d  c e l l s .  T hese  
r e s u l t s  s u g g e s t e d  t h a t  t h e  mesosome a l t e r a t i o n s  may h a v e  o c c u r r e d  
due  t o  d i f f e r e n c e s  i n  t h e  i o n i c  c o m p o s i t i o n  o f  t h e  c e l l s .
A c h a r a c t e r i z a t i o n  s t u d y  o f  p h ag e  41c w as a l s o  c o n d u c t e d .  P hage
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41c p ro d u c e d  a  b u r s t  s i z e  o f  10 p h a g e  p e r  h o s t  c e l l ,  f o l l o w i n g  a  
l a t e n t  p e r i o d  o f  50 m i n u t e s .  I n  a d d i t i o n ,  p h a g e  41c ( a  d o u b le ­
s t r a n d e d  DNA p h a g e )  was fo u n d  t o  b e  r e m a r k a b ly  s i m i l a r  t o  a n o t h e r
15. s u b t i l i s  p h a g e ,  S P P l .  They w e re  a l m o s t  i d e n t i c a l  i n  s i z e ,  mor­
p h o lo g y ,  s e n s i t i v i t y  o f  i n f e c t i o n  t o  d e o x y r i b o n u c l e a s e  o r  s t r e p t o ­
m y c in ,  p l a q u i n g  e f f i c i e n c y ,  h o s t  r a n g e ,  and  i n c o r p o r a t i o n  o f
3
H - th y m id in e  i n t o  t h e i r  DNA. D i f f e r e n c e s  w ere  d e t e c t e d  i n  t h e  
m o l e c u l a r  w e i g h t s  o f  t h e i r  s t r u c t u r a l  p r o t e i n s  an d  i n  t h e i r  p l a q u e  
m o r p h o l o g ie s .  P hage  SPPl p ro d u c e d  a  s e r i e s  o f  c h a n g e s  i n  t h e  u l t r a ­
s t r u c t u r e  o f  t h e  h o s t  c e l l  w h ic h  was i d e n t i c a l  t o  t h a t  o f  4 1 c - i n f e c t e d  
c e l l s .  I n  c o n t r a s t ,  a  d i s s i m i l a r  p h a g e ,  SP82G, d i d  n o t  p r o d u c e  su c h  
c h a n g e s  i n  t h e  h o s t  c e l l s .
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I .  INTRODUCTION
B a c t e r i o p h a g e  41c  i s  a  d o u b l e - s t r a n d e d  d e o x y r i b o n u c l e i c  a c i d  
(DNA) v i r u s  o f  B a c i l l u s  s u b t i l i s  ( 9 3 ) .  M o r p h o l o g i c a l l y ,  i t  i s  
i d e n t i c a l  i n  s t r u c t u r e  and  d im e n s io n s  t o  t h e  ]}. s u b t i l i s  b a c t e r ­
io p h a g e  S P P l .  B o th  a r e  l y t i c  p h a g e s  and  p o s s e s s  i c o s a h e d r a l  h e a d s  
and  n o n - c o n t r a c t i l e  t a i l s .  P hage  41c  i s  u n iq u e  i n  a t  l e a s t  two 
a s p e c t s  o f  i t s  i n f e c t i o n  c y c l e .  I n f e c t i o n  i s  s e n s i t i v e  t o  t r e a t ­
m en t w i t h  d e o x y r i b o n u c l e a s e  (93)  and  c a l c iu m  i s  r e q u i r e d  f o r  
e f f i c i e n t  r e p l i c a t i o n  (41)  o f  t h e  p h a g e .
An u l t r a s t r u c t u r a l  e x a m in a t io n  o f  _B. s u b t i l i s  p h ag e  i n t e r ­
a c t i o n s  d u r i n g  t h e  l y t i c  c y c l e  w i t h  e i t h e r  41c o r  SPPl r e v e a l e d  
a  c o n s i s t e n t  and  o r d e r l y  r e a r r a n g e m e n t  o f  h o s t  m esosom es ( i n t r a ­
c e l l u l a r  m e m b ra n e s ) ,  d u r i n g  i n f e c t i o n .  A l th o u g h  t h e  u l t r a s t r u c t u r a l  
a s p e c t s  o f  v i r u s  i n f e c t i o n  i n  G ra m -n e g a t iv e  b a c t e r i a  h a v e  b e e n  
w e l l  d o c u m e n te d ,  t h e r e  h a v e  b e e n  few  d e t a i l e d  s t u d i e s  f o r  Gram- 
p o s i t i v e  o r g a n i s m s .  C o n s e q u e n t ly ,  an  a l t e r a t i o n  o f  mesosomes 
d u r i n g  p h ag e  i n f e c t i o n  o f  G r a m - p o s i t i v e  c e l l s  h a s  n o t  b e e n  r e p o r t e d .
I n  t h e  p r e s e n t  s t u d y ,  e x p e r i m e n t s  w e re  u n d e r t a k e n  t o  c h a r a c ­
t e r i z e :  (1 )  t h e  r e l a t e d n e s s  o f  p h a g e s  41c  and  S P P l;  (2 )  t h e  l y t i c  
c y c l e  o f  p h a g e  41c  a t  t h e  u l t r a s t r u c t u r a l  l e v e l ;  and  (3 )  t h e  r o l e  
o f  t h e  mesosome d u r i n g  p h ag e  41c i n f e c t i o n ,  o r  t h e  e f f e c t  o f  v i r u s  
i n f e c t i o n  on mesosome u l t r a s t r u c t u r e .
I I .  REVIEW OF THE LITERATURE
B a c t e r i o p h a g e s  o f  B a c i l l u s  s u b t i l i s
The m o s t  r e c e n t  r e v i e w  a r t i c l e  (26 )  on  t h e  b a c t e r i o p h a g e s  o f  
B a c i l l u s  s u b t i l i s  s e p a r a t e d  t h e  v i r u l e n t  p h a g e s  i n t o  7 g r o u p s .
T h ese  g r o u p i n g s  w e re  b a s e d  on p h y s i c a l  and  b i o l o g i c a l  c h a r a c t e r ­
i s t i c s .  F o r  e x a m p le ,  p h a g e s  SP01, SP82G, 0 2 5 ,  and  SP8  w e re  a l l  
r a t h e r  l a r g e ,  v i r u l e n t  p h a g e s  c o n t a i n i n g  h y d r o x y m e t h y l u r a c i l  (HMU) 
b u t  no th y m in e  i n  t h e i r  DNA. C o n s e q u e n t ly ,  H e m p h i l l  and  W h i te l e y  
(26 ) c l a s s i f i e d  them  i n t o  Group 1 o f  IJ. s u b t i l i s  b a c t e r i o p h a g e s .
P hage  41c
The J3. s u b t i l i s  p h a g e  41c was i s o l a t e d  from  s o i l  by Z s i g r a y  
e t  a l . , 1973 ( 9 3 ) .  A l th o u g h  t h e  p r im a r y  g o a l  o f  t h a t  s t u d y  was 
t o  docum ent t h e  s e n s i t i v i t y  o f  p h a g e  41c i n f e c t i o n  t o  d e o x y r ib o n u ­
c l e a s e ,  i t  a l s o  i n c l u d e d  r e s u l t s  o f  a  p a r t i a l  c h a r a c t e r i z a t i o n  o f  
t h e  v i r u s .  The v i r u s  p o s s e s s e d  an  i c o s a h e d r a l  h ead  and  a  n o n -  
c o n t r a c t i l e  t a i l .  The g u a n i n e  p l u s  c y t o s i n e  (G+C) c o n t e n t  o f  i t s  
d o u b l e - s t r a n d e d  d e o x y r i b o n u c l e i c  a c i d  (DNA) was t h e  same (43 mol%) 
a s  t h a t  o f  i t s  h o s t ,  j5. s u b t i l i s  s t r a i n  168 .  Z s i g r a y  e t  a l .  (93) 
a l s o  fo u n d  p h ag e  41c t o  b e  u n iq u e  i n  t h a t  i t s  p l a q u i n g  e f f i c i e n c y  
d e c r e a s e d  by a b o u t  98% i n  a g a r  c o n t a i n i n g  200 y g /m l  o f  d e o x y r ib o n u ­
c l e a s e  (D N ase ) . They showed t h a t  p h a g e  d e v e lo p m e n t  was b lo c k e d  i n  
90% o f  i n f e c t e d  c e l l s  w i t h  t h e  enzyme p r e s e n t  d u r i n g  a d s o r p t i o n ,  
w h e re a s  t h e  enzyme had  l i t t l e  e f f e c t  10 min a f t e r  a d s o r p t i o n .  The 
a u t h o r s  c o n c lu d e d  t h a t  DNase b lo c k e d  i n j e c t i o n  o f  p h ag e  DNA i n t o
2
3t h e  h o s t  c e l l .
P h ag e  41c h a s  a l s o  b e e n  shown t o  b e  u n u s u a l  i n  i t s  i o n i c  r e ­
q u i r e m e n t s .  L an d ry  and  Z s i g r a y  (41) p r e s e n t e d  e v i d e n c e  f o r  a
+ +  -H -m u l t i - s t a g e  Ca r e q u i r e m e n t  d u r in g  i n f e c t i o n  by  4 1 c .  Ca was
s p e c i f i c a l l y  r e q u i r e d  d u r i n g  e a c h  o f  t h r e e  d i s t i n c t  s t a g e s :
a d s o r p t i o n ,  p e n e t r a t i o n ,  and  i n t r a c e l l u l a r  p h ag e  d e v e lo p m e n t .
T h is  d i f f e r e d  fro m  t h e  d i v a l e n t  c a t i o n  i o n  r e q u i r e m e n t  r e p o r t e d
f o r  SF6 , a  s t r u c t u r a l l y  r e l a t e d  phage  o f  13. s u b t i l i s  (80) .
S in c e  t h e  a d s o r p t i o n  o f  41c t o  t h e  h o s t  c e l l  w a l l  had  a  s p e c i f i c
++r e q u i r e m e n t  f o r  Ca , L an d ry  and Z s i g r a y  (41)  s u g g e s t e d  t h a t  t h e  
i o n  a c t s  t o  a l t e r  a  h o s t  o r  p h a g e  r e c e p t o r  s i t e ,  r a t h e r  t h a n  t o
-j_  |
n e u t r a l i z e  an  e l e c t r i c a l  c h a r g e .  The r o l e  o f  Ca i n  f a c i l i t a t i n g
p e n e t r a t i o n  i s  l e s s  u n d e r s t o o d .  The i o n  may s e r v e  t o  i n c r e a s e  t h e  
p e r m e a b i l i t y  o f  t h e  c e l l  membrane t o  DNA ( 4 1 ) .  S in c e  t h e s e  
w o rk e r s  d e m o n s t r a t e d  t h a t  n e i t h e r  i n t r a c e l l u l a r  t r a n s c r i p t i o n  n o r  
t r a n s l a t i o n  o f  v i r u s  c o a t  p r o t e i n s  was i n h i b i t e d  i n  t h e  a b s e n c e
| -  j -
o f  Ca , t h e  r o l e  o f  t h i s  m e t a l  d u r in g  i n t r a c e l l u l a r  d e v e lo p m e n t
o f  41c i s  e v e n  l e s s  u n d e r s t o o d .
P h ag e  SPPl
The i s o l a t i o n  and  c h a r a c t e r i z a t i o n  o f  t h e  J3. s u b t i l i s  p h ag e  
SPPl h a s  b e e n  d e s c r i b e d  (.64) . The p h ag e  p o s s e s s e d  a  m o rp h o lo g y  
i d e n t i c a l  t o  t h a t  r e p o r t e d  f o r  p h ag e  41c  ( 9 3 ) .  P h ag e  SPPl DNA had 
a m o l e c u l a r  w e ig h t  o f  2 .5  x 10^ d a l t o n s  and  a  m o le s  % G+C r a t i o  
o f  43 ( 6 4 ) .  No u n u s u a l  b a s e s  w ere  i n d i c a t e d .  H e m p h i l l  and  
W h i te le y  (26) a s s i g n e d  p h ag e  SPPl t o  Group 5 o f  t h e  13. s u b t i l i s  
p h a g e s .  I t  i s  c u r r e n t l y  t h e  s o l e  member o f  t h i s  g ro u p .
4I n f e c t i o n  o f  a  15. s u b t i l i s  168 c u l t u r e  w i t h  p h ag e  SPPl r e s u l t e d  
i n  a  l a t e n t  p e r i o d  o f  60 m in ,  f o l l o w e d  by  a n  e v e n t u a l  b u r s t  s i z e  o f  
200 p h ag e  p e r  c e l l  ( 3 8 ) .  T r a n s f e c t i o n  s t u d i e s  i n d i c a t e d  t h a t  DNA 
r e p l i c a t i o n  t e r m i n a t e d  35 m in  a f t e r  i n i t i a t i o n  o f  i n f e c t i o n .  At 
t h a t  t i m e ,  e a c h  c e l l  c o n t a i n e d  a n  a v e r a g e  o f  one  p h a g e  p a r t i c l e  
( 3 8 ) .
D eve lopm en t o f  p h a g e  SPPl d e p e n d e d  s t r o n g l y  on h o s t  f u n c t i o n s  
( 1 6 ) .  The p r e s e n c e  o f  a  p o r t i o n  o f  t h e  b a c t e r i a l  RNA p o ly m e r a s e  
was n e c e s s a r y  a t  a l l  t i m e s  f o r  p h a g e  p r o d u c t i o n  ( 4 7 ) .  H o s t  RNA 
s y n t h e s i s  c o n t i n u e d  t h r o u g h o u t  i n f e c t i o n ,  b u t  i t  was n o t  d e t e r m in e d  
w h e th e r  t h i s  was n e c e s s a r y  f o r  p h ag e  r e p l i c a t i o n .  Norm al e x p r e s s ­
io n  o f  h o s t  p r o t e i n s  was n e e d e d  f o r  p h a g e  r e p l i c a t i o n  ( 1 7 ) .  SPPl 
a l s o  r e q u i r e d  h o s t  DNA p o ly m e r a s e  I I I  f o r  i t s  r e p l i c a t i o n ,  a l t h o u g h  
t h e  enzyme was p r o b a b l y  m o d i f i e d  t o  some e x t e n t  d u r i n g  p h ag e  
i n f e c t i o n  ( 4 9 ) .
T h e re  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  i n  t h e  t r a n s f e c t i o n  and
g e n e r a l  t r a n s d u c t i o n  p r o p e r t i e s  o f  p h ag e  SPPl ( 3 0 , 4 2 , 7 6 , 8 9 ) .
A p p a r e n t l y ,  p h ag e  SPPl i s  a  good s u b j e c t  f o r  f i n e  s t r u c t u r e d  g e n e t i c
a n a l y s e s  b e c a u s e  i t s  DNA i s  r a p i d l y  d e n a t u r e d  i n t o  e a s i l y  s e p a r a b l e
s t r a n d s  ( 6 4 ) .  S e p a r a t i o n  o f  t h e  d e n a t u r e d  DNA r e s u l t s  i n  l i g h t
- 3
and h e a v y  s t r a n d s ,  w i t h  d e n s i t i e s  o f  1 .7 1 3  and  1 .7 2 5  g cm , r e ­
s p e c t i v e l y .  The b u o y a n t  d e n s i t y  o f  i n t a c t  SPPl DNA i s  1 .7 0 3  g 
-3cm . The e a s e  o f  s t r a n d  s e p a r a t i o n  i s  co m p lim e n te d  by a  h ig h  
e f f i c i e n c y  o f  s t r a n d  r e n a t u r a t i o n  ( 6 4 ) .
R e s t r i c t i o n  s t u d i e s  i n v o l v i n g  p h ag e  SPPl DNA r e v e a l e d  t h a t  t h e  
m a t u r a t i o n  o f  p h ag e  SPPl was i m p r e c i s e .  The i n d i v i d u a l  m o l e c u l e s  
o f  p h ag e  DNA v a r i e d  fro m  e a c h  o t h e r  by m ore th a n  200 b a s e  p a i r s
5ev en  th o u g h  c o m p le te ,  t e r m i n a l l y  r e d u n d a n t  genom es w e re  p ro d u c e d  
( 3 0 ) .  N e v e r t h e l e s s ,  b o t h  t h e  m o l e c u l a r  and  t h e  u l t r a s t r u c t u r a l  
d e t a i l s  o f  t h e  SPPl m a t u r a t i o n  p r o c e s s  r e m a in  o b s c u r e .
U l t r a s t r u c t u r e  o f  P h ag e  I n f e c t i o n s
G ra m -n e g a t iv e  B a c t e r i a
The u l t r a s t r u c t u r a l  c h a n g e s  w h ic h  o c c u r  i n  h o s t  c e l l s  d u r in g  
r e p l i c a t i o n  and a s s e m b ly  o f  t h e  T -p h a g e s  i n  G r a m - n e g a t iv e  o r g a n ­
i s m s ,  e s p e c i a l l y  E s c h e r i c h i a  c o l i , h a v e  b e e n  s t u d i e d  e x t e n s i v e l y .  
A r e l a t i v e l y  com plex  p a th w a y  f o r  a s s e m b ly  o f  t h e  T4 h e a d  h a s  b e e n  
d e s c r i b e d  r e c e n t l y  ( 7 1 ) .  Head a s s e m b ly  i n  t h i s  s y s te m  b e g a n  on 
t h e  i n n e r  s u r f a c e  o f  t h e  c y t o p l a s m i c  membrane ( 5 , 7 5 ) ,  l e a d i n g  to  
t h e  f o r m a t i o n  o f  m em brane-bound  p r e h e a d  s t r u c t u r e s  c a l l e d  T- 
p a r t i c l e s  ( 5 , 7 5 , 3 6 ) .  The T - p a r t i c l e s  i n  t h e  T4 s y s te m  w ere  
c l e a v e d  from  t h e  membrane e a r l y  i n  t h e  a s s e m b ly  p r o c e s s .  T h i s  
g a v e  r i s e  to  E - p a r t i c l e s  w h ic h  a r e  b e l i e v e d  t o  b e  em p ty ,  u n e x ­
panded  c a p s i d s  ( 1 2 ) .  Empty T4 h e a d s  w e re  n o te d  b o t h  on m em branes 
and  i n  t h e  c y to p la s m  o f  12 . c o l i  d u r i n g  e a r l y  m a t u r a t i o n  o f  t h e  
p h ag e  (75) .
The d e t a i l e d  r e p l i c a t i o n  and  a s s e m b ly  m ech an ism s  o f  s e v e r a l  
d o u b l e - s t r a n d e d  DNA p h a g e s  h a v e  b e e n  s t u d i e d  i n  a d d i t i o n  t o  t h o s e  
o f  t h e  T - p h a g e s .  F u l l e r  and  King (21) exam ined  t h e  p ro b le m  o f  
s e l f - r e g u l a t e d  a s s e m b ly  and c o n t r o l  o f  p r o t e i n  p o l y m e r i z a t i o n  i n  
t h e  m o rp h o g e n e s i s  o f  t h e  S a lm o n e l l a  p h a g e  P 22 . S e v e r a l  u l t r a -  
s t r u c t u r a l  s t u d i e s  o f  f i l a m e n t o u s  p h ag e  i n f e c t i o n s  h a v e  a l s o  b e e n  
d e s c r i b e d  ( 7 , 5 3 , 7 2 ) .  The m a j o r i t y  o f  t h e s e  s t u d i e s  r e p o r t e d  t h e  
f o r m a t i o n  o f  i n t r a c e l l u l a r  m em branes i n  t h e  i n f e c t e d  h o s t  c e l l s .
6B r a d le y  and  Dewar (7 )  r e p o r t e d  t h a t  t h e  i n f e c t i v e  p r o c e s s  o f  f i l a ­
m e n to u s  p h a g e s  s t i m u l a t e d  t h e  p r o d u c t i o n  o f  e x c e s s  c e l l  w a l l  and  
c e l l  membrane m a t e r i a l s  i n  E_. c o l i . They s p e c u l a t e d  t h a t  t h i s  
s t r e n g t h e n e d  t h e  e n v e l o p e  d u r i n g  t h e  e x t r u s i o n  o f  v i r i o n s ,  s i n c e  
f i l a m e n t o u s  p h ag e  i n f e c t i o n s  u s u a l l y  d i d  n o t  r e s u l t  i n  l y s i s  and  
d e a t h  o f  t h e  h o s t  c e l l s .  I n s t e a d ,  p a r t i c l e s  w e re  e x t r u d e d  con ­
t i n u o u s l y  o v e r  a  p e r i o d  o f  t i m e .  The f o r m a t i o n  o f  membranes 
a p p e a r e d  2 0 -3 0  m in  p r i o r  t o  t h e  a p p e a r a n c e  o f  f i l a m e n t o u s  p a r t i ­
c l e s .  S i m i l a r  o b s e r v a t i o n s  w e re  made w i t h  t h e  f i l a m e n t o u s  p h a g e s  
f l  (7 2 )  an d  f d  ( 5 3 ) .  The a p p e a r a n c e  o f  membranous s t r u c t u r e s  i n  
f d - i n f e c t e d  _E. c o l i  c e l l s  was l i n k e d  s p e c i f i c a l l y  t o  i n c o m p le t e  
p h ag e  m a t u r a t i o n  a t  t h e  c e l l  m em brane, r a t h e r  t h a n  s o l e l y  t o  t h e  
i n h i b i t i o n  o f  h o s t  c e l l  g ro w th  o r  t o  i n f e c t i o n  w i t h  m u ta n t  p h a g e .  
S c h w a r tz  and  Z in d e r  (72) p r o p o s e d  t h a t  c o m p le te d  f l  p a r t i c l e s  
e i t h e r  p a s s  d i r e c t l y  th r o u g h  o r  a r e  a s s e m b le d  on t h e  c e l l  m em brane.
G r a m - p o s i t i v e  B a c t e r i a
I n  c o n t r a s t  t o  t h e  num erous  s t u d i e s  on p h a g e - i n f e c t e d  Gram- 
n e g a t i v e  c e l l s  c i t e d  a b o v e ,  r e l a t i v e l y  few  s u c h  s t u d i e s  h a v e  b e e n  
r e p o r t e d  f o r  G r a m - p o s i t i v e  c e l l s .  P h ag e  i n f e c t i o n s  o f  B a c i l l u s  
c e l l s  h av e  b e e n  exam ined  a t  t h e  u l t r a s t r u c t u r a l  l e v e l ,  b u t  m o s t  o f  
t h e s e  r e p o r t s  a r e  e i t h e r  b r i e f  o r  somewhat s u p e r f i c i a l .  T ik h o n ek o  
and  B e s p a lo v a  (81)  r e p o r t e d  t h a t  t h e  f o r m a t i o n  o f  p h a g e  N l p a r t i ­
c l e s  o c c u r r e d  i n  t h e  n u c l e a r  v a c u o l e  o f  _B. m y c o id e s , and  t h a t  p h ag e  
p a r t i c l e  m a t u r a t i o n  d i d  n o t  o c c u r  s y n c h r o n o u s ly .  S i m i l a r  r e s u l t s  
w e re  n o t e d  i n  s t u d i e s  o f  J5. t h u r i n g i e n s i s  c e l l s  i n f e c t e d  by t h e  
p hage  1 -97  ( 3 ) .  The f i r s t  c h a n g e  n o te d  i n  t h e  i n f e c t e d  c e l l s  was 
an  e n l a r g e m e n t  o f  t h e  n u c l e a r  r e g i o n .  T h i s  was f o l l o w e d  by  t h e
a p p e a r a n c e  o f  p h a g e - l i k e , e l e c t r o n - d e n s e  p a r t i c l e s  i n  t h e  n u c l e a r  
r e g i o n  o f  t h e  c e l l s .  T a i l s  w e re  n o t  d e t e c t e d .  S i m i l a r  s t r u c t u r a l  
c h a n g e s  h av e  b e e n  r e p o r t e d  t o  o c c u r  i n  c e l l s  o f  C l o s t r i d i u m  
p e r f r i n g e n s  i n f e c t e d  w i t h  t h e  s h o r t - t a i l e d  p h a g e  80 ( 8 ) .  I n  t h i s  
c a s e ,  t h e  n u c l e a r  r e g i o n  e n l a r g e d  and  becam e d i s p e r s e d .  M a tu re  
p h ag e  p a r t i c l e s  w e re  fo rm e d ,  and  l y s i s  r e s u l t e d  from  d e g r a d a t i o n  
o f  t h e  c e l l  e n v e l o p e .
A r e l a t i v e l y  d e t a i l e d  u l t r a s t r u c t u r a l  s t u d y  o f  B^ . s u b t i l i s  i n ­
f e c t e d  w i t h  p h a g e  AR7 (2 )  i n d i c a t e d  t h a t  em p ty -h e a d e d  p h a g e  p a r t i ­
c l e s  o c c u r r e d  f r e q u e n t l y  i n  t h e  i n f e c t e d  c e l l s .  T h e se  p a r t i c l e s  
w e re  u s u a l l y  s e e n  i n  t h e  r i b o s o m a l  p a r t  o f  t h e  c y t o p l a s m ,  w h i l e  
f u l l  h e a d s  w e re  g e n e r a l l y  l o c a t e d  i n  t h e  n u c l e a r  r e g i o n .  A l th o u g h  
v e s i c u l a r - t y p e  m esosom es ( i n t r a c e l l u l a r  m em branes) w e re  o b s e r v e d  
i n  t h e  u n i n f e c t e d  c e l l s ,  t h e  a u t h o r s  d i d  n o t  n o t i c e  an y  a l t e r a t i o n ,  
d i s a p p e a r a n c e ,  o r  i n c r e a s e  i n  f r e q u e n c y  o f  t h e s e  s t r u c t u r e s  d u r in g  
i n f e c t i o n .
A s tu d y  o f  029 m o r p h o g e n e s i s  i n  13. s u b t i l i s  (52) h a s  i d e n t i f i e d  
t h r e e  c l a s s e s  o f  p a r t i c l e s  d u r i n g  p h ag e  m a t u r a t i o n .  T h e se  i n c l u d e d  
p r o h e a d s ,  em pty  h e a d s ,  and  m a tu r e  p h a g e .  The a u t h o r s  d id  n o t  f e e l  
t h a t  t h e  em pty h e a d s  w e re  t r u e  i n t e r m e d i a t e s  i n  t h e  a s s e m b ly  p r o c e s s ,  
b e c a u s e  t h e y  w ere  o b s e r v e d  o n ly  i n  t h i n - s e c t i o n s  o f  c e l l s  t h a t  had  
b e e n  r e s t r i c t i v e l y  i n f e c t e d  w i t h  s u s  ( s u p p r e s s o r - s e n s i t i v e )  m u t a n t s .  
By c o m p a r is o n ,  u l t r a s t r u c t u r a l  s t u d i e s  o f  l y t i c  i n f e c t i o n  by  p h ag e  
025 i n  13. s u b t i l i s  (43 ) a l s o  r e v e a l e d  t h e  p r e s e n c e  o f  e m p ty -h e a d e d  
p a r t i c l e s .  L i l j e m a r k  and  A n d e rso n  ( 4 3 ) ,  h o w ev e r ,  f e l t  t h a t  t h e s e  
u n f i l l e d  c a p s i d s  may h a v e  b e e n  p r e c u r s o r s  t o  f i l l e d  c a p s i d s  i n  t h e  
p a c k a g in g  p r o c e s s  o f  t h i s  p h a g e .  They f u r t h e r  c h a r a c t e r i z e d  t h e
8i n t r a c e l l u l a r  d e v e lo p m e n t  o f  p h ag e  025 by  c o r r e l a t i n g  t h e  u l t r a -  
s t r u c t u r a l  s t u d i e s  w i t h  t h e  k i n e t i c s  o f  h o s t  an d  p h a g e  DNA s y n t h e s i s .  
A l th o u g h  t h i s  d e s c r i p t i o n  o f  i n t r a c e l l u l a r  p h a g e  d e v e lo p m e n t  i n  15. 
s u b t i l i s  was q u i t e  e x t e n s i v e  and  w e l l  d o c u m e n te d ,  i t  d i d  n o t  m e n t­
io n  t h e  a p p e a r a n c e  o f  m esosom es. T h e se  s t r u c t u r e s  w e re  v i s i b l e  i n  
s e v e r a l  o f  t h e i r  m i c r o g r a p h s ,  h o w ev er ,  and  i t  a p p e a r e d  t h a t  t h e s e  
s t r u c t u r a l  c h a r a c t e r i s t i c s  w e re  n o t  a f f e c t e d  by  t h e  p h a g e  i n f e c t i o n .
M ycoplasma C e l l s
P h y l o g e n e t i c  s t u d i e s  i n d i c a t e  t h a t  t h e  m ycop lasm as  a r o s e  a s  a  
d e g e n e r a t e  s u b l i n e  f ro m  t h e  G r a m - p o s i t i v e  b a c t e r i a  ( 8 5 ) .  T h e r e f o r e ,  
i t  seemed r e a s o n a b l e  t o  exam ine  t h e  m o rp h o lo g y  o f  v i r u s  r e p l i c a t i o n  
i n  t h e s e  m ic r o o r g a n i s m s .  U l t r a s t r u c t u r a l  s t u d i e s  o f  A c h o le p la sm a  
l a i d l a w i i  i n f e c t e d  w i t h  MVL3 v i r u s  r e v e a l e d  t h a t  a s s e m b ly  and  m a t­
u r a t i o n  o f  t h e  v i r u s  i n v o l v e d  c e l l  membrane p r o c e s s e s  (25) . I n f e c t ­
io n  o f  t h i s  o rg a n is m  c u l m in a t e d  i n  t h e  r e l e a s e  o f  i n f e c t i o u s  p a r t i ­
c l e s  w i t h o u t  t h e  l o s s  o f  c e l l  v i a b i l i t y  ( 4 5 ) .  I n f e c t e d  c e l l s  s y n ­
t h e s i z e d  and  r e l e a s e d  MVL3 p a r t i c l e s  f o r  h o u r s .  A d s o r p t i o n  o f  t h i s  
d o u b l e - s t r a n d e d  DNA v i r u s  t o  t h e  m ycoplasm a was c h a r a c t e r i z e d  by a  
c l u s t e r i n g  o r  c a p p in g  on t h e  c e l l  membrane ( 2 5 ) .  E l e c t r o n  m i c r o ­
g ra p h s  a l s o  showed p ro g e n y  v i r u s  a l i g n e d  on t h e  m em brane, w i t h  
t h e i r  t a i l s  o r i e n t e d  to w a rd  i t s  c y t o p la s m i c  s u r f a c e .  Some i n f e c t e d  
c e l l s  had  membrane i n v a g i n a t i o n s  b e tw e e n  g ro u p s  o f  m e m b ra n e -a s s o c ­
i a t e d  MVL3 p a r t i c l e s .  F r e q u e n t l y ,  s i n g u l a r  e x t r a c e l l u l a r  v i r i o n s  
w ere  o b s e r v e d  e n c l o s e d  w i t h i n  s m a l l  membrane v e s i c l e s .  The a u t h o r s  
i n d i c a t e d  t h a t ,  s i n c e  c e n t r i f u g a t i o n  was a  p a r t  o f  t h e i r  p r e p a r a t i v e  
p r o c e d u r e ,  t h e s e  v e s i c l e s  m u s t  s t i l l  h a v e  b e e n  a t t a c h e d  t o  t h e  h o s t  
c e l l .  L a r g e r  v e s i c l e s  w e re  a l s o  fo u n d  w i t h i n  c e l l s .  T h e se  c o n ­
9t a i n e d  many v i r u s e s  w i t h  t h e i r  t a i l s  to w a rd s  t h e  m em brane, and  may 
h a v e  b e e n  fo rm ed  by e v a g i n a t i o n s  o f  i n f e c t e d  c e l l s .  N e v e r t h e l e s s ,  
no d a t a  w e re  o b t a i n e d  i n  r e g a r d  t o  how s u c h  membrane v e s i c l e s  
fo rm ed  o r  how t h e y  r e l e a s e d  t h e  MVL3 p a r t i c l e s .
U l t r a s t r u c t u r e  o f  Mesosomes
M esosom es, o r  i n v a g i n a t i o n s  o f  t h e  c y t o p l a s m i c  membrane to  form  
i n t r a c e l l u l a r  membranous s t r u c t u r e s  ( 1 8 ) ,  h a v e  b e e n  o b s e r v e d  f r e ­
q u e n t l y  i n  G r a m - p o s i t i v e  b a c t e r i a  ( 2 4 ) .  Mesosomes h a v e  o c c a s i o n ­
a l l y  b e e n  r e p o r t e d  t o  o c c u r  i n  E_. c o l i  c e l l s  ( 3 5 , 5 9 , 6 7 ) ,  b u t  
G re e n a w a l t  and W h i t e s id e  (24)  s u g g e s t e d  t h a t  t h e  te rm  be  r e s t r i c t e d  
to  s t r u c t u r e s  c h a r a c t e r i z e d  a s :  ( i )  i n t r a c e l l u l a r  membranes w h ich  
a r e  c l e a r l y  t h e  r e s u l t  o f  an  i n v a g i n a t i o n  o f  t h e  p la sm a  membrane 
( i . e . ,  t h e y  i n c l u d e  a  " n e c k "  o r  " s t a l k " )  fo rm in g  a  p o c k e t  o r  s a c  
c o n t a i n i n g  membranous com ponen ts  and ( i i )  t h e  com ponen ts  w i t h i n  
s a c s  become e x t r u d e d  upon  c e l l  p l a s m o l y s i s ,  o r  r e m o v a l  o f  t h e  c e l l  
w a l l .  I n  o n ly  one  c a s e ,  h av e  s t r u c t u r e s  f i t t i n g  t h i s  d e s c r i p t i o n  
b e e n  fo u n d  i n  G ra m -n e g a t iv e  c e l l s  ( 6 6 ) .
I n  r e c e n t  y e a r s ,  t h e  i n  v i v o  c o n f i g u r a t i o n  o f  mesosomes h a s  
b een  a  r a t h e r  c o n t r o v e r s i a l  s u b j e c t .  The s u b s t r u c t u r e  o f  m esosom es, 
a s  w e l l  a s  t h e i r  l o c a t i o n  w i t h i n  t h e  c e l l ,  may depend  on t h e  f i x a t ­
io n  p r o c e d u r e  em ployed  f o r  c e l l  p r e s e r v a t i o n  ( 1 0 , 1 1 , 2 0 , 2 2 , 2 7 , 5 1 , 7 3 ) .  
The s u b s t r u c t u r e  was u s u a l l y  d e s c r i b e d  a s  e i t h e r  t u b u l a r ,  v e s i c u l a r ,  
o r  l a m e l l a r  i n  t h e s e  s t u d i e s .
The e f f e c t s  o f  f i x a t i o n  by OsO^ on t h e  f o r m a t i o n  o r  p r e s e r v a t ­
io n  o f  m esosom es h a s  n e v e r  been  c l a r i f i e d .  Numerous i n v e s t i g a t o r s  
p r e p a r e d  b a c t e r i a l  s a m p le s  by a  v a r i e t y  o f  t e c h n i q u e s  w h ich  w ere
d e s ig n e d  t o  p r e s e r v e  m esosom es i n  t h e i r  t r u e  fo rm .  However t h e  r e ­
s u l t s  w ere  q u i t e  i n c o n s i s t e n t .  F o o k e - A c h t e r r a t h ,  e t  a l .  (20 ) f e l t  
t h a t  c h i l l i n g  o f  s a m p le s  p r i o r  t o  f i x a t i o n  p r o v i d e d  " c l o s e r - t o -  
l i f e "  p r e s e r v a t i o n  o f  t h e  m esosom es. They c o n c lu d e d  t h a t  t r u e  meso 
somes w ere  s m a l l  and  p e r i p h e r a l l y  l o c a t e d ,  a s  o p p o sed  t o  t h e  a r t i -  
f a c t u a l ,  c e n t r a l l y  l o c a t e d ,  l a r g e r  m esosom al b o d i e s .  G hosh and 
N ann inga  ( 2 2 ) d e s c r i b e d  two t y p e s  o f  m esosom es, p e r i p h e r a l  and  c y t o  
p l a s m i c .  The fo rm e r  seemed t o  b e  u n a f f e c t e d  by t h e  f i x a t i o n .  Re­
s u l t s  o f  t h e i r  s t u d i e s  a l s o  i n d i c a t e d  t h a t  d i f f e r e n t  o rg a n is m s  r e ­
a c t e d  d i f f e r e n t l y  t o  s i m i l a r  f i x a t i o n  p r o c e d u r e s .
The p r e s e n c e  o f  m esosom es i n  f r e e z e - e t c h e d  o r  n e g a t i v e l y -  
s t a i n e d  c e l l  p r e p a r a t i o n s  h a s  a l s o  p ro v e n  t o  b e  a  c o n t r o v e r s i a l  
s u b j e c t .  I t  was r e p o r t e d  t h a t  m esosom es r e q u i r e d  f i x a t i o n  i n  o r d e r  
t o  b e  o b s e r v e d  i n  f r o z e n - e t c h e d  ( 2 7 ) ,  o r  n e g a t i v e l y - s t a i n e d  sa m p le s  
( 2 8 ) .  B u r d e t t  and R o g e rs  (11 )  c l a im e d  t h a t  l a r g e  mesosom es w ere  
c o n s i s t e n t l y  fo rm ed  a t  t h e  p o l e s  and  a t  t h e  s e p t a l  r e g i o n s  o f  
n e g a t i v e l y - s t a i n e d  c e l l s .  T h ese  m esosom es w e re  s i m i l a r  i n  s i z e  
t o  t h o s e  d e t e c t e d  i n  t h i n  s e c t i o n s .
The i o n i c  c o m p o s i t i o n  o f  t h e  f i x a t i o n  b u f f e r  h a s  a l s o  b e e n  
shown t o  p l a y  a  r o l e  i n  d e t e r m i n i n g  t h e  u l t r a s t r u c t u r e  o f  mesosomes 
B u r d e t t  and R o g e rs  ( 1 0 ,1 1 )  fo u n d  t h a t  t h e  m esosom es a p p e a r e d  
l a m e l l a r  i n  c o n f i g u r a t i o n  when t h e  b u f f e r  s o l u t i o n  had  e i t h e r  a 
low i o n i c  s t r e n g t h  o r  a  low  c o n c e n t r a t i o n  o f  d i v a l e n t  c a t i o n s .
Low s u c r o s e  c o n c e n t r a t i o n s  p ro d u c e d  a  m i x t u r e  o f  v e s i c u l a r  and 
l a m e l l a r  t y p e  m esosom es, w h i l e  h i g h e r  c o n c e n t r a t i o n s  p ro d u c e d  t h e  
v e s i c u l a r  t y p e  o n ly  ( 1 0 ) .  S in c e  b u f f e r s  and s a l t s  a c c e l e r a t e d  
t h e  f i x a t i o n  and  p r o v id e d  o s m o t ic  s t a b i l i t y ,  t h e y  c o n c lu d e d  t h a t
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t h e  m a j o r i t y  o f  m esosom es w ere  f i l l e d  w i t h  v e s i c u l a r  and  t u b u l a r  
membranous m a t e r i a l  ( a s  o p p o sed  t o  t h e  l a m e l l a r  t y p e )  i n  n o r m a l ,  
r a p i d l y  g ro w in g  c e l l s  ( 1 0 ) .  I n  c o n t r a s t  t o  t h i s ,  S i l v a  (73) 
fo u n d  t h a t  t h e  o m i s s io n  o f  c a l c iu m  and  u r a n y l  i o n s  i n  t h e  R y t e r -  
K e l l e n b e r g e r  f i x a t i o n  (37) l e d  t o  t h e  a lm o s t  c o m p le te  d i s a p p e a r ­
a n c e  o f  t h e  m esosom es.
R e s u l t s  o f  a  m ore  s o p h i s t i c a t e d  s tu d y  (57) s u g g e s t e d  t h a t  
mesosomes w e re  fo rm ed  when l o c a l i z e d  s i t e s  on t h e  c e l l  membrane 
w ere  p u l l e d  f ro m  c l o s e  c o n t a c t  w i t h  t h e  c e l l  w a l l  i n t o  t h e  c y t o ­
p la s m .  The a c t i o n  o f  a  f i x a t i v e  o r  o t h e r  p h y s i o l o g i c a l  d i s t u r ­
b a n c e  on  a  c y t o p l a s m i c  co m p o n en t,  s u c h  a s  DNA, was shown t o  h a v e  
s u c h  an  e f f e c t  on S t r e p t o c o c c u s  f a e c a l i s  c e l l s .
A d d i t i o n a l  s t u d i e s  on mesosome u l t r a s t r u c t u r e  h a v e  i n d i c a t e d  
t h a t  c e n t r i f u g a t i o n  ( 2 7 ) ,  t h e r m a l  i n j u r y  (74)-, and  c o m p o s i t i o n  
o f  e x t e r n a l  g a s e s  (5 8 )  c o u l d  a f f e c t  t h e  a p p e a r a n c e  o f  m esosom es. 
A r e c e n t  r e p o r t  h a s  g o n e  so  f a r  a s  t o  c l a im  t h a t  c l a s s i c a l  
mesosomes w ere  n o t h i n g  m ore  th a n  a r t i f a c t s  o f  t h e  p r e p a r a t i v e  
t e c h n i q u e s  i n v o l v e d  ( 1 5 ) .
I I I .  MATERIALS AND METHODS
G e n e r a l  P r o c e d u r e s  
P hage  and  B a c t e r i a l  S t r a i n s
The i s o l a t i o n  o f  p h a g e  41c h a s  b e e n  d e s c r i b e d  ( 9 3 ) .  A s t o c k  
l y s a t e  was s u p p l i e d  by R.M. Z s i g r a y  (D e p a r tm e n t  o f  M i c r o b i o lo g y ,  
U n i v e r s i t y  o f  New H a m p s h i r e ) .  P h ag e  SPPl was o b t a i n e d  from  D.M.
E l l i s  (The B a c i l l u s  G e n e t i c  S to c k  C e n t e r ,  The Ohio S t a t e  U n i v e r s i t y ) . 
A s t o c k  l y s a t e  o f  p h a g e  SP82G was a  g i f t  from  D.M. G reen  ( D e p a r t ­
ment o f  B i o c h e m i s t r y ,  U n i v e r s i t y  o f  New H a m p s h i r e ) .
B a c i l l u s  s u b t i l i s  168 t r p  s t r  (93 ) was t h e  p r e d o m in a n t  b a c ­
t e r i a l  s t r a i n  u s e d  th r o u g h o u t  t h i s  s t u d y .
M edia
L i q u id  m e d ia  em ployed  f o r  t h e  g ro w th  o f  t h e  h o s t  c e l l s  and  f o r  
i n f e c t i o n  s t u d i e s  w e re  TYS (93) and  TP (34) b r o t h s .  TYS medium 
c o n s i s t e d  o f  t h e  f o l l o w i n g  i n g r e d i e n t s  p e r  l i t e r  o f  d i s t i l l e d  w a t e r :  
t r y p t o n e ,  10 g ;  N aCl, 10 g ; y e a s t  e x t r a c t ,  5 g .  TP medium c o n s i s t e d  
o f  t h e  f o l l o w i n g  i n g r e d i e n t s  p e r  l i t e r  o f  d i s t i l l e d  w a t e r  (pH 7 . 0 ) :  
g l u c o s e ,  2 g ;  t r i s - h y d r o c h l o r i d e  (pH 7 . 0 ) ,  2 .4  g ;  m a l e i c  a c i d ,
2 .3  g ; (N H ^^SO ^, 1 g ;  N aC l, 5 g ;  ^ H P O ^ ,  0 . 1  g ; a c i d - h y d r o l y z e d  
c a s e i n  ( s a l t - f r e e ,  v i t a m i n - f r e e ) ,  0 .2  g ;  t r y p t o p h a n ,  0 .0 2  g ;  MgCl2 * 
6H20, 4 g ; MnCl2 -4H20 , 0 .0 2  g ;  F e C l3 *6H20 ,  2 .7  mg.
S o l i d  m e d ia  c o n t a i n e d  t h e  same i n g r e d i e n t s  a s  TYS and  TP b r o t h s  
w i th  t h e  a d d i t i o n  o f  1.5% o r  0.85% a g a r  ( D i f c o ,  D e t r o i t ,  MI) f o r  
b a s a l  m e d ia  and  f o r  s o f t  a g a r  o v e r l a y s ,  r e s p e c t i v e l y .
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F o r  o p t i m a l  g ro w th  o f  p h a g e s  41c and  S P P l ,  a l l  m e d ia  w e re  s u p p ­
le m e n te d  w i t h  10 mM CaCl^ (41)  . B o th  10 mM C a C ^  and  10 mM MgCl^ 
w ere  added  t o  m e d ia  u s e d  f o r  p h ag e  SP82G l y s a t e  p r e p a r a t i o n s ,  e x ­
p e r i m e n t s ,  and  t i t r a t i o n s .
P r e p a r a t i o n  o f  S p o re  S to c k
Lab-Lemco a g a r  (O x o id ,  London , E n g la n d )  p l a t e s  s t r e a k e d  w i t h  a n  
e x p o n e n t i a l l y  g ro w in g  ( i n  TYS b r o t h )  c u l t u r e  o f  jB. s u b t i l i s  168 
w ere  i n c u b a t e d  f o r  3 - 4  d a y s  a t  37°C . S p o re s  and  f r e s h l y  grown 
c e l l s  w e re  t h e n  w ashed  from  t h e  s u r f a c e  o f  t h e  a g a r  w i t h  3 -4  m l o f  
s t e r i l e  s a l i n e .  The s u s p e n s i o n s  w e re  w ashed  t w i c e  i n  s t e r i l e  s a l i n e  
and h e a t  t r e a t e d  a t  70°C f o r  20 m in  t o  k i l l  v e g e t a t i v e  c e l l s .  Re­
s u l t i n g  s p o r e  s u s p e n s i o n s  w e re  s t o r e d  i n  s t e r i l e ,  s c r e w - c a p p e d ,  
g l a s s  c u l t u r e  t u b e s  a t  4°C .
Phage  E n u m e ra t io n
P hage  t i t r a t i o n s  w e re  d e t e r m in e d  by a  m o d i f i c a t i o n  o f  t h e  s o f t  
a g a r  o v e r l a y  m ethod  d e s c r i b e d  by Adams ( 1 ) .  S e r i a l  d i l u t i o n s  o f  t h e  
phage  w e re  made and  0 . 1  m l o f  t h e  a p p r o p r i a t e  d i l u t i o n  was i n o c u l a t e d  
o n to  t h e  b a s a l  medium. A p p ro x im a te ly  4 ml o f  t h e  d e s i r e d  o v e r l a y ,  
seed ed  w i t h  h o s t  c e l l s ,  was added  t o  t h e  p l a t e d  sam p le  and m ixed  by 
g e n t l e  s w i r l i n g  i n  a  Mf i g u r e - 8 "  r o t a t i o n .  S o l i d i f i e d  p l a t e s  w e re  
i n v e r t e d  and i n c u b a t e d  1 8 -2 4  h  a t  37°C, a f t e r  w h ic h  t h e  number o f  
p la q u e - f o r m in g  u n i t s  p e r  m l (PFU/ml) was d e t e r m i n e d .
P r e p a r a t i o n  o f  P hage  L y s a t e s
_B. s u b t i l i s  168 c u l t u r e s  (1 l i t e r )  w e re  grown t o  an  o p t i c a l  d e n ­
s i t y  (OD) o f  0 .5  a t  670 nm i n  2 . 8 - 1  F e rn b a c h  f l a s k s  a t  37°C on  a
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r o t a r y  s h a k e r  a t  350 rpm . C u l t u r e s  w e re  t h e n  i n f e c t e d  w i t h  p h ag e  a t  
a  m u l t i p l i c i t y  o f  i n f e c t i o n  (MOI) e q u a l  t o  5 .  A e r a t i o n  and  i n c u b a t ­
io n  a t  30°C was c o n t i n u e d  f o r  3 -5  h .  The l y s a t e  was s t o r e d  a t  4°C 
o v e r n i g h t  and  th e n  c l e a r e d  o f  i n t a c t  c e l l s  and  c e l l u l a r  d e b r i s  by 
c e n t r i f u g a t i o n  a t  1 5 ,0 0 0  x  g f o r  10 m in .  E x t r a n e o u s  a n d / o r  h o s t  
n u c l e i c  a c i d s  w ere  d e g ra d e d  by t h e  s u b s e q u e n t  i n c u b a t i o n  o f  t h e  
l y s a t e  a t  37°C f o r  1 h  i n  t h e  p r e s e n c e  o f  10 y g /m l  e a c h  o f  d eoxy ­
r i b o n u c l e a s e  I  (DNase I ,  W o r th in g to n  B io c h e m i c a l s ,  F r e e h o l d ,  N . J . )  
and r i b o n u c l e a s e  A (ENase A, W o r t h i n g t o n ) .
The p h ag e  l y s a t e s  w e re  f i l t e r  s t e r i l i z e d  th r o u g h  a  0 .4 5 -y m  
M i l l i p o r e  f i l t e r  ( M i l l i p o r e  C o r p . ,  B e d f o r d ,  M a .) .  When n e c e s s a r y ,  
t h e  l y s a t e s  w e re  c o n c e n t r a t e d  by u l t r a c e n t r i f u g a t i o n  a t  8 0 ,0 0 0  x  g 
f o r  2 h .  The b l u i s h ,  m uco id  p e l l e t s  ( s e d im e n te d  p h a g e )  w e re  com­
b in e d  f o l l o w i n g  r e s u s p e n s i o n  i n  p h y s i o l o g i c a l  s a l i n e .
P h ag e  C h a r a c t e r i z a t i o n  S t u d i e s
D e te r m in a t io n  o f  M o r p h o lo g ic a l  C h a r a c t e r i s t i c s
F o r  n e g a t i v e  s t a i n i n g ,  c o n c e n t r a t e d  p h ag e  l y s a t e s  w e re  p l a c e d  
on p a r l o d i o n - c o a t e d ,  c a r b o n - r e i n f o r c e d ,  4 0 0 -m esh ,  c o p p e r  sp ec im en  
g r i d s  and  m ixed  w i t h  1% p h o s p h o t u n g s t i c  a c i d  (pH 7 . 2 ) .  The e x c e s s  
l i q u i d  was d raw n o f f  t h e  g r i d  s u r f a c e ,  and  t h e  p h ag e  p r e p a r a t i o n s  
w ere  a l lo w e d  t o  a i r  d r y .  S am ples  w ere  im m e d ia te ly  v ie w ed  and  p h o to ­
g ra p h e d  w i t h  a JEOL JEM-100S t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  o p e r ­
a t i n g  a t  an  a c c e l e r a t i n g  p o t e n t i a l  o f  80 kV. P hage  d im e n s io n s  w ere  
r e p o r t e d  a s  t h e  a v e r a g e  o f  a t  l e a s t  20 m e a su re m e n ts  d e t e r m in e d  from  
t h e  e l e c t r o n  m ic r o g r a p h s  w i t h  a n  o c u l a r  m i c r o m e te r .
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H ost R anges  o f  P h a g e s  41c and  SPPl
Tw elve TYS s o f t  a g a r  o v e r l a y s  w ere  p r e p a r e d  i n  5 0 -m l v o lu m e s .
Each o f  t h e s e  was s e e d e d  w i t h  one  o f  t h e  B a c i l l u s  s t r a i n s  l i s t e d  i n  
T a b le  1 .  P e t r i  d i s h e s  c o n t a i n i n g  TYS b a s a l  medium w ere  t h e n  i n o c u ­
l a t e d  w i t h  0 . 1  ml o f  e i t h e r  p h a g e  41c o r  S P P l .  T h e se  p l a t e s  w e re  
th e n  i n o c u l a t e d  w i t h  4 m l o f  t h e  a p p r o p r i a t e  s e e d e d  o v e r l a y .  Each  
o v e r l a y  was a l s o  a d d e d  t o  2 TYS p l a t e s  l a c k i n g  p h a g e .  A l l  p l a t e s  
w ere  i n c u b a t e d  a t  37°C e x c e p t  f o r  t h o s e  c o n t a i n i n g  jB. m e g a th e r iu m . 
T hese  w ere  k e p t  a t  30°C . A f t e r  2 4 -4 8  h  o f  i n c u b a t i o n ,  t h e  p l a t e s  
w ere  exam ined  f o r  c o n f l u e n t  g ro w th  o f  t h e  p r o s p e c t i v e  h o s t  and  
a r e a s  o f  c l e a r i n g  o r  l y s i s  by t h e  p h a g e .
S e n s i t i v i t y  o f  I n f e c t i o n  t o  D e o x y r ib o n u c l e a s e
P h ag es  41c and  SPPl w e re  t e s t e d  f o r  t h e i r  s e n s i t i v i t y  o f  i n ­
f e c t i o n  t o  t h e  n u c l e a s e ,  d e o x y r i b o n u c l e a s e  I  ( 9 3 ) .  The DNase s e n ­
s i t i v i t y  was d e t e r m in e d  i n  TYS b r o t h  t o  w h ich  200 y g /m l  DNase and 
10 mM M gC^ was ad d ed  p r i o r  t o  p h a g e  i n f e c t i o n .  Sam ples  w e re  a s s a y e d  
f o r  p h ag e  e n u m e r a t io n  f o l l o w i n g  a  15 -m in  i n c u b a t i o n  p e r i o d  a t  room 
t e m p e r a t u r e  ( 2 6 ° C ) .
E f f e c t  o f  S t r e p t o m y c i n  on t h e  E f f i c i e n c y  o f  P la g u i n g
The e f f e c t  o f  s t r e p t o m y c i n  on t h e  e f f i c i e n c y  o f  p l a q u i n g  f o r  
p h ag es  41c and  SPPl was d e t e r m in e d  on TYS b a s a l  medium s u p p le m e n te d  
w i th  1 mg/ml o f  s t r e p t o m y c i n  s u l f a t e  ( E l i  L i l l y  and  C o . ,  I n d i a n o p o l i s ,  
IN ) .  The same c o n c e n t r a t i o n  o f  s t r e p t o m y c i n  s u l f a t e  was added  to  
t h e  s o f t  a g a r  o v e r l a y s  a s  w e l l .  The PFU/ml w h ich  w ere  o b t a i n e d  
w i th  t h i s  a s s a y  w ere  d i r e c t l y  com pared  t o  t h o s e  o b t a i n e d  i n  t h e  
a b s e n c e  o f  t h e  a n t i b i o t i c .
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TABLE 1 
B a c t e r i a l  s t r a i n s
B a c te r iu m
•k
S o u rc e
B. s u b t i l i s  168 U.N.H. s t o c k s ( I .  M i l l e r )
B. s u b t i l i s  6633 A m erican  Type C u l t u r e  C o l l e c t i o n
B. s u b t i l i s  B-6 U.N.H. s t o c k s ( J . Rake)
B. s u b t i l i s  QMB 1228 U .N .H . s t o c k s (A. B e rn h e im e r ,
W.R. C h e sb ro )
B. s u b t i l i s  QMB 1 2 2 8 ( s u p r a ) U.N.H. s t o c k s (L . A r d i s s o n )
B. s u b t i l i s  W-23 O .E. Landman, G eorge tow n  U n i v e r s i t
B. l i c h e n i f o r m i s  7 4 9 /c U.N .H . s t o c k s
B. m e g a th e r iu m U.N .H . s t o c k s
B. p u m ilu s U.N.H. s t o c k s
B. c e r e u s U.N .H . s t o c k s
B. m y c o id es U.N.H. s t o c k s
I n d i v i d u a l s  r e s p o n s i b l e  f o r  d e p o s i t i o n  o f  b a c t e r i u m  i n t o  U .N .H . 
( U n i v e r s i t y  o f  New H a m p sh ire )  s t o c k  c o l l e c t i o n s  a r e  g i v e n  i n  
p a r e n t h e s e s .
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D e te r m in a t io n  o f  V e l o c i t y  C o n s t a n t s  (K V a lu e s )  o f  A n t is e ru m
R a b b i t  a n t i s e r u m  t o  p h a g e  41c was a  g i f t  f ro m  R.M. Z s i g r a y  
(D ep a r tm en t  o f  M i c r o b i o lo g y ,  U n i v e r s i t y  o f  New H a m p s h i r e ) . The 
v e l o c i t y  c o n s t a n t s  (K v a l u e s )  o f  t h e  a n t i s e r u m  ( d i l u t e d  1 :1 0 0 )  
a g a i n s t  p h a g e s  41c and  SPPl w e re  d e t e r m in e d  by  t h e  m e thod  o f  
Adams ( 1 ) .  A 5 -m in  i n t e r v a l  was a l lo w e d  f o r  i n t e r a c t i o n  o f  p h a g e  
and a n t i b o d y .  A ss a y s  w ere  do n e  i n  t r i p l i c a t e  and  t h e  e x p e r im e n t  
was r e p e a t e d  t w i c e .
D e te r m in a t io n  o f  M o le c u l a r  W e ig h ts  o f  P h ag e  S t r u c t u r a l  P r o t e i n s
L y s a t e s  o f  p h a g e s  41c and  SPPl w e re  p r e p a r e d  and  c o n c e n t r a t e d  
by u l t r a c e n t r i f u g a t i o n  and  l y o p h i l i z a t i o n .  P r o t e i n  c o n c e n t r a t i o n s  
w ere  d e t e r m in e d  s p e c t r o p h o t o m e t r i c a l l y  w i t h  a  B au sch  and  Lomb 
S p e c t r o n i c - 2 0  u s i n g  a  p r o t e i n - d y e  b i n d i n g  m e thod  ( 6 ) .  The p r o ­
t e i n s  w e re  d i s r u p t e d  by  h e a t i n g  t h e  s a m p le s  t o  100°C f o r  2 m in  i n  
t h e  p r e s e n c e  o f  2 - m e r c a p t o e t h a n o l  and  0.1% sod ium  d o d e c y l  s u l f a t e  
( 3 9 ) .  S e p a r a t i o n  o f  p r o t e i n s  was a c c o m p l i s h e d  by  p o l y a c r y l a m i d e  
g e l  e l e c t r o p h o r e s i s  a s  d e s c r i b e d  by  O r n s t e i n  (55)  and  D a v is  ( 1 4 ) ,  
w i th  t h e  a d d i t i o n  o f  0.1% SDS. Optimum r e s u l t s  w e re  o b t a i n e d  w i t h  
10% p o l y a c r y l a m i d e  s l a b  g e l s ,  3 5 -4 0  yg p r o t e i n  p e r  w e l l ,  and  a  
c o n s t a n t  c u r r e n t  o f  16 mAmps. The p r o t e i n  b a n d s  w e re  v i s u a l i z e d  
f o l l o w i n g  f i x a t i o n  and  s t a i n i n g  a t  37°C ( o v e r n i g h t )  w i t h  0.1% 
C oom assie  B r i l l i a n t  B lu e  R-250 (Mann R e s e a r c h  L a b . ,  New Y o rk ,  NY) 
d i s s o l v e d  i n  50% t r i c h l o r o a c e t i c  a c i d .  G e ls  w e re  d e s t a i n e d  i n  10% 
a c e t i c  a c i d .  The m o l e c u l a r  w e ig h t s  o f  t h e  p r o t e i n  s u b u n i t s  w ere  
d e te r m in e d  from  a  s t a n d a r d  c u r v e  (84) b a s e d  on t h e  m i g r a t i o n s  o f  
th e  f o l l o w i n g  s t a n d a r d s :  p h o s p h o r y l a s e  b (9 4 ,0 0 0  d a l t o n s ) , b o v in e
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serum a lb u m in  ( 6 7 ,0 0 0  d a l t o n s ) , o v a lb u m in  (4 3 ,0 0 0  d a l t o n s ) , c a r ­
b o n ic  a n h y d r a s e  ( 3 0 ,0 0 0  d a l t o n s ) ,  and  so y b e a n  t r y p s i n  i n h i b i t o r  
(2 0 ,0 0 0  d a l t o n s ) .  A l l  s t a n d a r d s  w e re  o b t a i n e d  from  P h a rm a c ia  
F in e  C h e m ic a l s ,  P i s c a t a w a y ,  N . J .
D e t e r m in a t io n  o f  P h a s e  DNA B ase  C o m p o s i t io n
E x t r a c t i o n  o f  p h a g e  DNA. C o n c e n t r a t e d  p h a g e  l y s a t e s  w e re  
p u r i f i e d  u s i n g  a  p r e fo rm e d  CsCl g r a d i e n t  a s  d e s c r i b e d  by E .F .  
L andry  ( 4 0 ) .  A CsCl s t o c k  was p r e p a r e d  by  d i s s o l v i n g  20 g o f  
CsCl i n  1 3 .2  ml o f  d i s t i l l e d  w a t e r  and  1 . 5  m l o f  0 .0 1  M T r i s  
(pH 7 . 0 ) .  S even  s u b s t o c k s  w e re  p r e p a r e d  by a d d in g  1 .7  m l ,  1 .6  
m l,  1 . 5  m l ,  1 .4  m l ,  1 .3  m l ,  1 .2  m l ,  and  1 .0  m l o f  CsCl s t o c k  to  
7 t u b e s  and  a d j u s t i n g  t h e  f i n a l  vo lum e t o  2 . 0  m l w i t h  T r i s  b u f f ­
e r .  The g r a d i e n t  w as p r e p a r e d  by a d d i n g ,  i n  d e s c e n d in g  c o n c e n ­
t r a t i o n ,  0 .5  m l o f  CsCl s u b s t o c k s .  One an d  o n e - h a l f  m l o f  t h e  
c o n c e n t r a t e d  v i r u s  w as l a y e r e d  on t h e  g r a d i e n t  and  c e n t r i f u g e d  
a t  7 3 ,4 0 0  x g ( ^ a v ) f o r  30 m in  a t  4°C i n  a  s w in g in g  b u c k e t  r o t o r .  
The c e l l u l o s e  n i t r a t e  t u b e  was t a p p e d  and  t h e  d e n s e  b l u e  band  was 
c o l l e c t e d .
The p h ag e  DNA was e x t r a c t e d  by t h e  a d d i t i o n  o f  5 m l o f  s a l i n e  
s o d i u m - c i t r a t e  (SSC) s a t u r a t e d  p h e n o l  (4 4 )  t o  an  e q u a l  vo lum e o f  
a  c o n c e n t r a t e d  p h a g e  l y s a t e .  The sam p le  was g e n t l y  a g i t a t e d  a t  
4°C f o r  30 m in  and  c e n t r i f u g e d  a t  1 2 ,0 0 0  x g f o r  10 m in .  The 
s u p e r n a t a n t  was c o l l e c t e d  u s i n g  a n  i n v e r t e d  10-m l p i p e t t e  and 
added  t o  an  e q u a l  vo lum e  o f  S S C -p h e n o l .  The e x t r a c t i o n  was r e ­
p e a t e d  2 -3  t i m e s  f o r  20 m in  a t  4°C . The s u p e r n a t a n t  f l u i d  from  
th e  f i n a l  e x t r a c t i o n  was d i a l y z e d  a g a i n s t  1 l i t e r  o f  SSC (pH 8 .0 )
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a t  4°C w i t h  c h a n g e s  a t  1 ,  3 ,  and  5 h ,  f o l l o w e d  by d i a l y s i s  o v e r n i g h t .  
The DNA was c o l l e c t e d  and  s t o r e d  a t  4°C . DNA c o n c e n t r a t i o n s  w e re  
d e t e r m in e d  s p e c t r o p h o t o m e t r i c a l l y  a t  260 nm w i t h  a  Beckman DU-8 
s p e c t r o p h o t o m e t e r .
C h ro m a to g ra p h ic  A n a l y s i s . DNA e x t r a c t e d  from  p h ag e  41c was 
h y d r o ly z e d  w i t h  f o r m ic  a c i d  a s  d e s c r i b e d  by W yatt  and  Cohen ( 8 7 ) ,  
o r  by t h e  e n z y m a t ic  a c t i o n  o f  DNase I  i n  t h e  p r e s e n c e  o f  M gC^ 
f o l l o w e d  by t r e a t m e n t  w i t h  s n a k e  venom p h o s p h o d i e s t e r a s e  (W o r th in g ­
to n )  f o r  6 h ( 6 0 ) .  E n zy m a tic  t r e a t m e n t  o f  t h e  DNA was c o n d u c te d  
a t  37°C. DNA f ro m  c o n c e n t r a t e d  s u s p e n s i o n s  o f  p h ag e  SPPl was 
a l s o  h y d r o ly z e d  e n z y m a t i c a l l y .  F o l lo w in g  h y d r o l y s i s ,  t h e  sa m p le s  
w ere  c o n c e n t r a t e d  by  e v a p o r a t i o n  o v e r n i g h t  a t  37°C i n  a  vacuum 
oven ,  and  r e s u s p e n d e d  i n  a  s m a l l  vo lum e o f  0 .1  N HC1. The i n d i ­
v i d u a l  n u c l e o t i d e s  w e re  s e p a r a t e d  by  d e s c e n d in g  p a p e r  c h r o m a to g r a ­
phy u s i n g  S c h l e i c h e r  and  S c h u l l  n o .  2043a  p a p e r  an d  an  i s o p r o p a n o l :  
H C l :w a te r  s o l v e n t  ( 8 6 ) .  H y d ro ly z e d  p h ag e  DNA, h y d r o ly z e d  c a l f  
thym us DNA, and  a p p r o p r i a t e  s t a n d a r d s  w e re  s p o t t e d  i n  d u p l i c a t e .  
S t a n d a r d s  i n c l u d e d  th y m in e ,  a d e n i n e ,  c y t o s i n e ,  g u a n i n e ,  and  u r a c i l  
f o r  c o m p a r i s o n  w i t h  c h e m ic a l  h y d r o l y s a t e s .  T h e i r  p h o s p h o r y l a t e d  
d e r i v a t i v e s  ( e . g .  UMP, TMP) w e re  u s e d  f o r  c o m p a r is o n  w i t h  enzym at­
i c a l l y  h y d r o ly z e d  s a m p le s .  A p p ro x im a te ly  30 yg o f  s t a n d a r d  DNA 
b a s e s  and  100-120  yg  o f  h y d r o ly z e d  DNA w e re  c h ro m a to g ra p h e d  i n  
ea c h  c a s e .  The s o l v e n t  was a l lo w e d  t o  d e s c e n d  e i t h e r  1 5 -2 0  o r  
3 5 -4 0  cm. C hrom atogram s w e re  th e n  a i r  d r i e d  and  im m e d ia te ly  ob­
s e r v e d  w i t h  s h o r t - w a v e  u l t r a v i o l e t  l i g h t .
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P r e p a r a t i o n  o f  41c  and  SPPl DNA l a b e l l e d  w i t h  H - t h y m i d in e . 
Twenty m l o f  13. s u b t i l i s  168 t r p  t h y  m u ta n t  was grown i n  TP 
b r o t h  t o  a n  OD o f  0 . 5 ,  c e n t r i f u g e d  a t  1 2 ,0 0 0  x  g f o r  5 m in  and 
r e s u s p e n d e d  i n  20 m l o f  f r e s h  TP b r o t h  c o n t a i n i n g  5 y g /m l  th y m i-
3
d i n e .  A p p r o x im a te ly  2 p C i /m l  o f  H - th y m id in e  (New E n g la n d  N u c l e a r ,  
B o s to n ,  MA) was a d d e d  and  a e r a t i o n  was c o n t i n u e d  f o r  5 m in  a t  37°C . 
The c u l t u r e  was e q u a l l y  d i v i d e d  i n t o  2 s m a l l  f l a s k s  and  i n f e c t e d  
w i t h  e i t h e r  p h a g e  41c o r  SPPl a t  a  MOI o f  10 . The m i x t u r e s  w e re  
in c u b a t e d  a t  30°C w i t h  a e r a t i o n  f o r  2 -4  h .  The l y s a t e s  w e re  c e n t ­
r i f u g e d  and  t h e  s u p e r n a t a n t  f l u i d s  w e re  t r e a t e d  w i t h  DNase I  i n  
t h e  p r e s e n c e  o f  MgCl^ and  RNase A ( f i n a l  c o n c e n t r a t i o n  = 10 p g /m l  
e a c h )  f o r  1 h  a t  37°C . The l a b e l l e d  p h a g e  w e re  f i l t e r e d  th r o u g h  
a 0 .45 -ym  M i l l i p o r e  f i l t e r  and  c o n c e n t r a t e d  by u l t r a c e n t r i f u g a t i o n .  
The s u p e r n a t a n t  was d e c a n t e d  and t h e  p e l l e t  was w ashed  by r e s u s ­
p e n s io n  i n  s a l i n e  f o l l o w e d  by a n o t h e r  2 h o f  u l t r a c e n t r i f u g a t i o n .  
The w ashed  sam p le  was f i n a l l y  r e s u s p e n d e d  i n  10 m l o f  f r e s h  TP 
b r o t h .  The l a b e l l e d  p h a g e  w e re  a s s a y e d  f o r  PFU/ml and  c o u n te d  
f o r  r a d i o a c t i v i t y  a s  d e s c r i b e d  b e lo w .
A s m a l l  a l i q u o t  o f  l a b e l l e d  p h ag e  ( 0 .2  m l)  was a d d ed  t o  s c i n t ­
i l l a t i o n  v i a l s  c o n t a i n i n g  10 ml o f  A q u a s o l -2  (New E n g la n d  N u c l e a r ) . 
The v i a l s  w e re  i n v e r t e d  s e v e r a l  t i m e s  and  c o u n te d  f o r  r a d i o a c t i v i t y  
i n  a  Beckman LS -7000  a u t o m a t i c  s c i n t i l l a t i o n  c o u n t e r .  C ou n ts  w e re  
c o r r e c t e d  f o r  b a c k g ro u n d  and  t h e  CPM/PFU w e re  d e t e r m in e d  f o r  b o t h  
l a b e l l e d  p h a g e .
N u c le a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  o f  p h ag e  41C DNA. 
A p p ro x im a te ly  1 - 1 . 5  mg o f  DNA e x t r a c t e d  from  a  c o n c e n t r a t e d  l y s a t e  
o f  phage  41c was e n z y m a t i c a l l y  h y d r o ly z e d  a s  d e s c r i b e d  a b o v e .
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A f t e r  e v a p o r a t i o n  o f  t h e  l i q u i d  (SSC ), t h e  d r i e d  n u c l e o t i d e s  w e re  
r e s u s p e n d e d  i n  a  s m a l l  v o lum e ( l - 2 m l )  o f  D2 O ( A l d r i c h  C h em ica l  C o . ,  
M etuchen ,  N . J . )  and  t h e  s p e c t r u m  o f  p r o t o n  s h i f t s  was d e t e r m in e d  
w i t h  a  JEOL FX900 NMR S p e c t r o m e t e r .  S in c e  t h y m id in e  was t h e  n u c l ­
e o t i d e  o f  i n t e r e s t ;  a  s p e c t r u m  f o r  p u r e  th y m id in e  d i s s o l v e d  i n  D2 O 
was a l s o  d e t e r m in e d .  Sodium 3 - t r i m e t h y l - s i l y p r o p a n e  s u l f o n a t e  
(Sigma C h em ica l  Company, S t .  L o u i s ,  MO) was u s e d  a s  a  r e f e r e n c e  
f o r  a l l  s p e c t r a .  D a ta  i n t e r p r e t a t i o n s  w ere  made by  K. G a l l a g h e r  
( I n s t r u m e n t a t i o n  C e n t e r ,  U n i v e r s i t y  o f  New H a m p s h i r e ) .
P la g u in g  E f f i c i e n c y  o f  P h a g e s  41c and  SPPl
j -  j -
S in c e  10 mM Ca i s  r e q u i r e d  f o r  e f f i c i e n t  p l a q u i n g  by  p h ag e  
41c ( 4 1 ) ,  i t  was n e c e s s a r y  t o  d e t e r m i n e  i f  p h ag e  SPPl had  t h e  same
- | - J -
Ca r e q u i r e m e n t .  S to c k  l y s a t e s  o f  b o th  p h a g e s  w e re  d i l u t e d  and  
a s s a y e d  f o r  PFU/ml i n  TYS m edium, b o t h  i n  t h e  p r e s e n c e  and  a b s e n c e  
o f  added  Ca"*-**.
Mixed I n f e c t i o n s  w i t h  P h a g e s  41c and  SPPl
A c u l t u r e  o f  J3. s u b t i l i s  168 was grown t o  an  0D o f  0 .5  and 
s i m u l t a n e o u s l y  i n f e c t e d  w i t h  p h a g e s  41c and  S P P l .  The MOI f o r  e a c h  
phage  was 0 . 5 .  A t 4 h p o s t - i n f e c t i o n ,  t h e  l y s a t e  was a s s a y e d  f o r  
PFU/ml and  t h e  p l a t e s  w e re  i n c u b a t e d  a t  37°C f o r  18 h .  The t o t a l  
PFU/ml f o r  e a c h  o f  t h e  p h ag e  was d e t e r m in e d  b a s e d  on e a s i l y  d i s c e r n -  
a b l e  d i f f e r e n c e s  i n  t h e i r  p l a q u e  m o rp h o lo g y .
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P h y s i o l o g i c a l  S t u d i e s
B u r s t  C urve  f o r  P h ag e  41c
At 15 m in  f o l l o w i n g  i n i t i a t i o n  o f  i n f e c t i o n  (M OI=25), 0 .5  ml 
o f  a  4 1 c - i n f e c t e d  c u l t u r e  w as rem oved and  a n  e q u a l  vo lum e o f  
r a b b i t  a n t i p h a g e  41c se rum  ( n e u t r a l i z a t i o n  c o n s t a n t  = 30) was 
a d d e d .  S u b s e q u e n t  t o  i n c u b a t i o n  f o r  10 m in  a t  30°C , t h e  sam p le  
was d i l u t e d  i n  TYS b r o t h  and  m a i n t a i n e d  on t h e  s h a k e r  a t  30°C . 
S ubsam ples  w ere  a s s a y e d  f o r  PFU/ml f o r  t h e  n e x t  120 m in .
Phage 4 1 c - D i r e c t e d  P r o t e i n  S y n t h e s i s
To d e t e r m in e  t h e  a p p r o x im a te  t im e  o f  c o m p le t i o n  f o r  p h ag e  
4 1 c - d i r e c t e d  p r o t e i n  s y n t h e s i s ,  a  c u l t u r e  o f  J3. s u b t i l i s  168 was 
i n f e c t e d  w i t h  p h ag e  41c  a t  an  MOI o f  1 0 .  An a p p r o p r i a t e  p e r i o d  o f  
t im e  (15 m in) was a l lo w e d  f o r  a d s o r p t i o n  o f  phage  and  p e n e t r a t i o n  
o f  DNA. S u b s e q u e n t l y ,  2 ml o f  t h e  i n f e c t e d  c u l t u r e  was d i s t r i b u ­
t e d  i n t o  e a c h  o f  12 s c r e w - c a p p e d  t e s t  t u b e s .  At 20 m in  p o s t ­
i n f e c t i o n ,  c h l o r a m p h e n i c o l  (CAP; P a r k e ,  D a v is ,  and  C o . ,  D e t r o i t ,  
MI) was ad d ed  t o  one  o f  t h e s e  t u b e s  a t  a  f i n a l  c o n c e n t r a t i o n  o f  
20 y g /m l .  CAP was a d d ed  t o  e a c h  o f  t h e  r e m a in in g  t u b e s  a t  5 m in  
i n t e r v a l s  f o r  t h e  n e x t  50 m in .  A c o n t r o l  t u b e  was l e f t  u n t r e a t e d .  
A l l  t u b e s  w e re  a e r a t e d  w i t h  a  W r i s t  A c t i o n  S h a k e r  ( B u r r e l l )  a t  
room t e m p e r a t u r e  f o r  a p p r o x im a te ly  180 m in  p o s t  i n f e c t i o n .  F i n a l  
ODs w ere  t h e n  d e t e r m in e d  on a  B au sch  and  Lomb S p e c t r o n i c - 2 0  c o l o r ­
im e te r  a t  a  w a v e le n g th  o f  670 nm.
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H ost DNA S y n t h e s i s  D u r in g  I n f e c t i o n  w i t h  P h ag es  41c and  SPPl
3
The i n c o r p o r a t i o n  o f  H - th y m id in e  i n t o  J3. s u b t i l i s  168 th y
-  -H -t r p  c e l l s  grow n i n  TP medium (34)  c o n t a i n i n g  10 mM Ca was m o n i­
to r e d  d u r i n g  i n f e c t i o n  w i t h  p h ag e  41c o r  S P P l .  The c e l l  g ro w th  on 
a  TP p l a t e  t h a t  h ad  b e e n  i n c u b a t e d  o v e r n i g h t  a t  37°C was su sp e n d e d  
i n  s a l i n e  and  u s e d  t o  i n o c u l a t e  30 m l o f  TP b r o t h  ( s u p p le m e n te d  
w i t h  20 y g /m l  e a c h  o f  th y m id in e  and  t r y p t o p h a n e )  t o  a n  OD o f  0 . 0 5 .  
The c u l t u r e  was i n c u b a t e d  a t  37°C and  a g i t a t e d  a t  350 rpm u n t i l  
t h e  0D r e a c h e d  0 . 5 .  The c e l l s  w e re  t h e n  r a p i d l y  s e d im e n te d  by  
c e n t r i f u g a t i o n  and  r e s u s p e n d e d  i n  30 m l o f  f r e s h  TP b r o t h  c o n t a i n -
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in g  1 mg/ml C a C ^ ,  5 y g /m l  th y m id in e ,  and  2 y C i /m l  o f  H - th y m id in e  
(New E n g lan d  N u c l e a r ) . T h ese  c e l l s  w ere  t h e n  i n c u b a t e d  a t  30°C 
Ttfith r a p i d  a g i t a t i o n  f o r  5 m in .  The c u l t u r e  was s p l i t  i n t o  t h r e e  
10-m l v o lu m es  and  a  s a m p le  a l i q u o t  ( 0 .2  m l) was rem oved from  e a c h  
( p r e i n f e c t i o n  s a m p l e s ) . One o f  t h e  t h r e e  10-m l c u l t u r e s  was i n f e c ­
te d  w i t h  p h ag e  41c and  a n o t h e r  w i t h  p h a g e  S P P l .  The MOI i n  e a c h  
c a s e  was 1 0 .  S am ples  w e re  p e r i o d i c a l l y  rem oved from  e a c h  c u l t u r e  
f o r  up t o  115 m in p o s t - i n f e c t i o n .  Sam ples  w ere  d i l u t e d  i n  10% 
t r i c h l o r o a c e t i c  a c i d ,  s t o r e d  on i c e ,  and  f i l t e r e d  th r o u g h  M i l l i p o r e  
membranes (0 .4 5 -y m )  a s  d e s c r i b e d  by L i l j e m a r k  and  A n d e rso n  ( 4 3 ) .  
D r ie d  f i l t e r s  w e re  a d d e d  t o  l i q u i d  s c i n t i l l a t i o n  v i a l s  c o n t a i n i n g  
10 ml o f  c o c k t a i l  ( A q u a s o l - 2 ;  New E n g la n d  N u c le a r )  and  c o u n te d  f o r  
10 m in  on a  Beckman L S-7000  a u t o m a t i c  l i q u i d  s c i n t i l l a t i o n  c o u n t e r .
To f u r t h e r  v e r i f y  t h e  c o n t i n u i t y  o f  h o s t  r e p l i c a t i o n ,  t h e  OD 
of  an  u n i n f e c t e d  c u l t u r e  a s  w e l l  a s  t h a t  o f  a  4 1 c - i n f e c t e d  c u l t u r e  
w ere  m o n i to r e d  on a  S p e c t r o n i c - 2 0  th r o u g h o u t  t h e  l y t i c  c y c l e .  TYS
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b r o t h  c o n t a i n i n g  C a C ^  was u t i l i z e d  f o r  t h e s e  s p e c t o p h o t o m e t r i c  
s t u d i e s .
E l e c t r o n  M i c r o s c o p i c a l  S t u d i e s
P r e p a r a t i o n  T e c h n iq u e s
F i x a t i o n s . W hole c e l l s  w e re  p r e p a r e d  f o r  t r a n s m i s s i o n  e l e c ­
t r o n  m ic ro s c o p y  e i t h e r  by t h e  R y t e r - K e l l e n b e r g e r  t e c h n i q u e  (37) o r  
by t h e  F o o k e - A c h t e r r a t h  p r o c e d u r e  ( 2 0 ) .  F o r  t h e  R y t e r - K e l l e n b e r g e r  
p r o c e s s ,  c e l l s  w e re  p r e f i x e d  by a d d in g  1% OsO^ ( i n  K e l l e n b e r g e r  
b u f f e r )  t o  t h e  c u l t u r e  medium t o  b r i n g  t h e  f i n a l  OsO^ c o n c e n t r a t ­
io n  t o  0 .2% . C e l l s  w e re  t h e n  c o n c e n t r a t e d  by c e n t r i f u g a t i o n ,  
w ashed i n  K e l l e n b e r g e r  b u f f e r ,  s u s p e n d e d  i n  t r y p t o n e - s a l t  s o l u t i o n  
(1% t r y p t o n e ,  0.5% N a C l) ,  and  em bedded i n  2% N o b le  a g a r  ( D i f c o ) .
The a g a r  was c u t  i n t o  s m a l l  b l o c k s ,  w h ich  w ere  p o s t f i x e d  f o r  18 h 
i n  1% OsO^ ( i n  K e l l e n b e r g e r  b u f f e r )  and  p r e s t a i n e d  f o r  3 h  i n  0.5% 
u r a n y l  a c e t a t e  ( i n  K e l l e n b e r g e r  b u f f e r ) ,  p r i o r  t o  d e h y d r a t i o n  and  
em bedding a s  d e s c r i b e d  b e lo w .
F o r  t h e  F o o k e - A c h t e r r a t h  f i x a t i o n ,  t h e  s a m p le s  w e re  c h i l l e d  
r a p i d l y  by  su b m e rg in g  t h e  p l a s t i c  c e n t r i f u g e  t u b e  c o n t a i n i n g  them  
i n  l i q u i d  n i t r o g e n  f o r  25 s .  The t u b e s  w e re  s w i r l e d  c o n t i n u o u s l y  
t o  p r e v e n t  f r e e z i n g  o f  t h e  c e l l s .  S am ples  w e re  t h e n  p r e f i x e d ,  
p o s t f i x e d ,  and  p r e s t a i n e d  a s  i n  t h e  R y t e r - K e l l e n b e r g e r  t e c h n i q u e  
( a b o v e ) ,  e x c e p t  t h a t  t h e  p r e f i x a t i o n  was c a r r i e d  o u t  a t  4°C .
P r o t o p l a s t s  ( s e e  b e lo w )  w e re  p r e p a r e d  f o r  e l e c t r o n  m ic r o s c o p y  
by a d d in g  10 m l o f  sam p le  t o  a  c e n t r i f u g e  t u b e  c o n t a i n i n g  a q u e o u s  
g l u t a r a l d e h y d e .  The f i n a l  c o n c e n t r a t i o n  o f  t h e  f i x a t i v e  was 1 .25% . 
T hese  w e re  k e p t  a t  4°C f o r  20 m in ,  c e n t r i f u g e d  a t  1 2 ,0 0 0  x  g f o r
15 m in ,  and  r e s u s p e n d e d  i n  2% N o b le  a g a r  ( D i f c o ) . A l l  s a m p le s  w ere  
p o s t f i x e d  w i t h  1% OsO^ i n  K e l l e n b e r g e r  b u f f e r  o v e r n i g h t ,  s t a i n e d ,  
d e h y d r a t e d ,  and  i n f i l t r a t e d  a s  d e s c r i b e d  f o r  w h o le  c e l l s .
T h in  s e c t i o n i n g . S am ples  from  a l l  f i x a t i o n  p r o c e d u r e s  w e re  
d e h y d r a t e d  th r o u g h  a  g r a d e d  e t h a n o l  s e r i e s  and  embedded i n  S p u r r ’ s 
l o w - v i s c o s i t y  epoxy r e s i n  ( 7 8 ) .  S e c t i o n s  w e re  c u t  w i t h  g l a s s  
k n iv e s  on a n  LKB U l t r a t o m e  I I I  u l t r a m i c r o t o m e ,  u s i n g  a  c u t t i n g  
s p e e d  o f  2 mm/s and  a  c l e a r a n c e  a n g l e  o f  2 - 3 ° .  S e c t i o n s  w e re  r e ­
t r i e v e d  w i t h  u n c o a t e d  4 0 0 -m esh ,  c o p p e r  g r i d s .  They w e re  t h e n  
p o s t s t a i n e d  f o r  15 m in  w i t h  0.5% u r a n y l  a c e t a t e  ( i n  50% m e th a n o l )  
and f o r  1 m in  w i t h  0.4% l e a d  c i t r a t e  ( 6 2 ) .
T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  S am ples  f o r  t r a n s m i s s i o n  
e l e c t r o n  m ic ro s c o p y  w e re  v ie w e d  an d  r e c o r d e d  w i t h  a  JEOL, JEM 100S 
e l e c t r o n  m ic r o s c o p e  a t  a n  a c c e l e r a t i n g  p o t e n t i a l  o f  80 kV. At 
l e a s t  30 c e l l  s e c t i o n s  w ere  p h o to g r a p h e d  f o r  e a c h  s a m p le .  T h ese  
w ere  a n a l y z e d  f o r  mesosome c o n f i g u r a t i o n ,  p r e s e n c e  o f  v i r a l  s t r u c t ­
u r e s ,  n a t u r e  o f  t h e  n u c l e o p la s m ,  and  g e n e r a l  a p p e a r a n c e  o f  t h e  
c y to p la s m .
E f f e c t s  o f  F i x a t i o n  o n  U l t r a s t r u c t u r e  o f  Mesosomes
An u n i n f e c t e d  c u l t u r e  was grown t o  a n  OD o f  0 .5  and  a  v a r i e t y  
o f  f i x a t i o n  p r o c e d u r e s  w e re  em ployed  on s e p a r a t e  p o r t i o n s  o f  t h e  
s am p le .  A p r e f i x a t i o n  w i t h  OsO^ was a p p l i e d  a t  f i n a l  c o n c e n t r a t i o n s  
o f  0.1%, 0.2%, 0.5%, and  1%. I n  a d d i t i o n ,  p r e f i x a t i o n s  w i t h  OsO^ 
a t  a  f i n a l  c o n c e n t r a t i o n  o f  0.2% o r  1% w ere  done  on c e l l s  w h ich  
w ere  e i t h e r  s u b j e c t e d  t o  c e n t r i f u g a t i o n  o r  t o  c h i l l i n g  a t
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-195°C  ( s e e  a b o v e ) .
C e l l s  w h ic h  had  b e e n  p r e f i x e d  w i t h  2.5% g l u t a r a l d e h y d e  b e f o r e  
and a f t e r  c e n t r i f u g a t i o n  w e re  a l s o  ex am in ed .  A l l  s u b s e q u e n t  p o s t ­
f i x a t i o n s ,  d e h y d r a t i o n s ,  i n f i l t r a t i o n s ,  and  s e c t i o n i n g  o f  s a m p le s  
w ere  done  a s  d e s c r i b e d  a b o v e .
S t u d i e s  on t h e  I n f e c t i o n  C y c le  i n  W hole C e l l s
A TYS b r o t h  c u l t u r e  was s h a k e n  a t  37°C u n t i l  i t  r e a c h e d  a n  OD 
o f  0 . 8 .  The c u l t u r e  was t h e n  d i l u t e d  w i t h  TYS b r o t h  t o  an  OD o f  
0 . 5 .  One l i t e r  o f  t h i s  d i l u t e d  c u l t u r e  was t r a n s f e r r e d  t o  a  s h a k e r  
o p e r a t i n g  a t  350 rpm a t  30°C, and  s a m p le s  (10  m l) w e re  w i th d ra w n  
f o r  e l e c t r o n  m i c r o s c o p y .  The c u l t u r e  was t h e n  i n f e c t e d  w i t h  e i t h e r  
41c ,  S P P l ,  o r  SP82G a t  a  MOI o f  a b o u t  2 5 .  S am ples  w ere  w i th d ra w n  
f o r  e l e c t r o n  m ic r o s c o p y  im m e d ia te ly ,  15 m in ,  and  30 m in  a f t e r  i n i t ­
i a t i o n  o f  i n f e c t i o n .  T h e r e a f t e r ,  s a m p le s  w ere  w i th d ra w n  a t  5 -m in  
i n t e r v a l s  t h r o u g h  8 5 -m in  p o s t - i n f e c t i o n .  F o r  e a c h  t im e  p e r i o d  
d u r in g  p h ag e  41c i n f e c t i o n ,  one  o f  two d u p l i c a t e  s a m p le s  w i th d ra w n  
was p r e p a r e d  f o r  t h i n  s e c t i o n i n g  by t h e  R y t e r - K e l l e n b e r g e r  t e c h n i q u e  
(3 7 ) ,  and  t h e  o t h e r  w as p r o c e s s e d  by t h e  F o o k e - A c h t e r r a t h  p r o c e d u r e  
( 2 0 ) .  F o r  e a c h  t i m e  p e r i o d  d u r i n g  i n f e c t i o n  w i t h  SPPl o r  SP82G, 
a  s i n g l e  sam p le  was p r o c e s s e d  f o r  t h i n  s e c t i o n i n g  by  t h e  R y t e r -  
K e l l e n b e r g e r  t e c h n i q u e  o n l y .
E le m e n ta l  A n a ly s e s  o f  Whole C e l l s
B o th  u n i n f e c t e d  and  i n f e c t e d  c u l t u r e s  w e re  a n a l y z e d  by e n e r g y -  
d i s p e r s i v e  X - ra y  a n a l y s i s  (EDAX) . A 15. s u b t i l i s  168 c u l t u r e  was 
grown t o  an  OD o f  0 .5  i n  TYS b r o t h  c o n t a i n i n g  C a C ^ .  The c u l t u r e
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was s e p a r a t e d  i n t o  3 p o r t i o n s .  One p o r t i o n  was i n f e c t e d  w i t h  p h ag e  
A le ,  a n o t h e r  w i t h  p h a g e  S P P l ,  and  t h e  t h i r d  p o r t i o n  was l e f t  u n ­
t r e a t e d .  F o l lo w in g  a e r a t i o n  and  i n c u b a t i o n  a t  30°C f o r  40 m in ,  
e a c h  o f  t h e  c u l t u r e s  was c o n c e n t r a t e d  by  c e n t r i f u g a t i o n  and  r e s u s ­
pended  i n  2 m l o f  10 mM C a C ^ .  The sa m p le s  w e re  im m e d ia te ly  f r o z e n  
i n  e t h a n o l  an d  l y o p h i l i z e d .  The pow dered  s a m p le s  w ere  t h e n  s u b j e c t -  
ed t o  e l e m e n t a l  a n a l y s i s  u s i n g  an  EDAX s y s te m  c o u p le d  t o  an  AMR 
1000 s c a n n in g  e l e c t r o n  m i c r o s c o p e ,  o p e r a t i n g  a t  20 kV. I n  a l l  
c a s e s ,  2 0 ,0 0 0  c o u n t s  w e re  c o l l e c t e d .  R e s u l t s  w e re  i n t e r p r e t e d  on 
th e  b a s i s  o f  p e r c e n t  d e t e c t a b l e  e l e m e n t s .
S t u d i e s  on t h e  I n f e c t i o n  C y c le  i n  Whole C e l l s  T r e a t e d  w i t h  CAP
P hage  4 1 c - i n f e c t e d  c e l l s  (M 01=20), t r e a t e d  w i t h  CAP (20  y g /  
ml) a t  20 m in  p o s t - i n f e c t i o n  w e re  a l s o  p r e p a r e d  f o r  v ie w in g  by 
t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y .  The i n f e c t e d  c e l l s  w e re  i n c u b a t ­
ed a t  37°C w i t h  a e r a t i o n  f o r  a n  a d d i t i o n a l  40 m in  f o l l o w i n g  t r e a t ­
m ent w i t h  t h e  a n t i b i o t i c .  The s a m p le s  w ere  t h e n  p r e p a r e d  f o r  
m ic ro s c o p y  by t h e  R y t e r - K e l l e n b e r g e r  f i x a t i o n  p r o c e d u r e  ( 3 7 ) ,  a s  
d e s c r i b e d  a b o v e .
S t u d i e s  w i t h  P r o t o p l a s t s
P r o t o p l a s t  f o r m a t i o n . P r o t o p l a s t s  w e re  p r e p a r e d  a s  p r e v i o u s l y  
d e s c r i b e d  ( 9 3 ) .  A c id -w a sh e d  g l a s s w a r e  was u s e d  f o r  a l l  p r o t o p l a s t  
w ork . C e l l s  w e re  grow n i n  TYS b r o t h  t o  a n  OD o f  0 . 2 ,  c o n c e n t r a t e d ,  
and r e s u s p e n d e d  i n  o n e - f o u r t h  t h e  o r i g i n a l  vo lum e o f  TYS. Lysozyme 
(Sigma) was added  t o  t h e  c u l t u r e  a t  a  f i n a l  c o n c e n t r a t i o n  o f  400 
y g /m l .  A t t h e  same t im e  a  s t o c k  s o l u t i o n  o f  2 M s u c r o s e  o r  2 M
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s o r b i t o l  was a d d ed  t o  t h e  c u l t u r e  t o  b r i n g  t h e  f i n a l  c o n c e n t r a t i o n  
o f  t h e  s u g a r  t o  0 .5  M. The l y s o z y m e - t r e a t e d  s a m p le s  w e re  i n c u b a t ­
ed  a t  30°C w i t h  g e n t l e  a g i t a t i o n  (25  rpm) u n t i l  p r o t o p l a s t  f o r m a t ­
io n  was c o m p le te .  T h i s  was m o n i to r e d  by  p h a s e - c o n t r a s t  m ic ro s c o p y  
w i t h  a  Z e i s s  s t a n d a r d  r e s e a r c h  m i c r o s c o p e .
P r o t o p l a s t  s t a b i l i t y . To d e t e r m i n e  t h e  e f f e c t i v e n e s s  o f  s u c ­
r o s e  and  s o r b i t o l  i n  s t a b i l i z i n g  p r o t o p l a s t s ,  600 m l o f  ]3. s u b t i l i s  
168 was grown t o  an  OD o f  0 .2  i n  TYS b r o t h .  The c e l l s  w e re  con ­
c e n t r a t e d  by  c e n t r i f u g a t i o n  and  r e s u s p e n d e d  i n  150 m l o f  f r e s h  
TYS. The c u l t u r e  was t h e n  s p l i t  i n t o  2 e q u a l  v o lu m e s .  One p o r t i o n  
r e c e i v e d  25 m l o f  2 M s u c r o s e ,  t h e  o t h e r  r e c e i v e d  25 m l o f  2 M 
s o r b i t o l .  The f i n a l  c o n c e n t r a t i o n  o f  t h e  s t a b i l i z e r  i n  b o t h  c a s e s  
was 0 .5  M. E ach  o f  t h e s e  w as t h e n  t r e a t e d  w i t h  ly so zy m e  and  g e n t l y  
a g i t a t e d  f o r  t h e  r e m a in d e r  o f  t h e  e x p e r i m e n t .  The OD was p e r i o d ­
i c a l l y  r e c o r d e d  w i t h  a  B au sch  and  Lomb S p e c t r o n i c - 2 0 .  I n  a d d i t i o n ,  
d i r e c t  c o u n t s  w e re  made u s i n g  a  Z e i s s  p h a s e - c o n t r a s t  m ic r o s c o p e  
and a  P e t r o f f - H a u s e r  b a c t e r i o l o g i c a l  c o u n t i n g  ch am b er .
E x p e r im e n ts  w i t h  p r o t o p l a s t s  w e re  a l s o  d e s i g n e d  t o  a s s e s s  t h e  
l y t i c  p r o p e r t i e s  o f  v a r i o u s  d i l u e n t s  and  a s s a y  p r o c e d u r e s .  C e l l s  
w ere  grown i n  TYS a s  d e s c r i b e d  a b o v e ,  and  i n f e c t e d  w i t h  p h a g e  41c 
a t  a  MOI o f  1 .  A e r a t i o n  and  i n c u b a t i o n  a t  37°C was c o n t i n u e d  f o r  
15 m in  and  a  p o r t i o n  was rem oved and  a s s a y e d  f o r  PFU/m l. The 
c u l t u r e  was t h e n  t r e a t e d  w i t h  CAP (20 y g /m l)  i n  t h e  p r e s e n c e  o f  
s u c r o s e .  A f t e r  45 m in ,  t h e  c u l t u r e  was d i v i d e d  i n t o  4 p a r t s .
Each  o f  t h e  p a r t s  was t h e n  a s s a y e d  f o r  PFU/ml by  one  o f  t h e  f o l l o w ­
in g  m e th o d s :  ( i )  d i l u e n t ,  b a s a l  medium an d  o v e r l a y  w e re  composed 
o f  TYS and  0 .5  M s u c r o s e ,  ( i i )  s a l i n e  was u s e d  f o r  t h e  d i l u e n t  and
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TYS f o r  b a s a l  medium and  o v e r l a y  ( w i t h o u t  s u c r o s e ) ,  ( i i i )  d i l u e n t ,  
b a s a l  medium and  o v e r l a y  w e re  com posed o f  TYS ( w i t h o u t  s u c r o s e ) , 
( i v )  same a s  ( i i i )  e x c e p t  t h a t  0 . 1  m l o f  c h l o r o f o r m  was ad d ed  t o  
t h e  f i r s t  t u b e  o f  t h e  d i l u t i o n  b l a n k s  t o  i n s u r e  l y s i s  o f  t h e  
p r o t o p l a s t s .  CaCl^ w as a d d ed  t o  a l l  d i l u e n t s ,  o v e r l a y s ,  and  
b a s a l  m e d ia .
R e p l i c a t i o n  o f  p h a g e  41c i n  p r o t o p l a s t s . C e l l s  w e re  grown 
i n  TYS b r o t h  and  i n f e c t e d  w i t h  p h a g e  41c a s  d e s c r i b e d  a b o v e .  A f t e r  
15 m in o f  a e r a t i o n  a n d  i n c u b a t i o n  a t  30°C , 0 .4  m l o f  a n t i s e r a  t o  
phage  41c (K=3) was a d d e d  t o  15 m l o f  c u l t u r e .  The i n f e c t e d  c e l l s  
w ere  im m e d ia te ly  a s s a y e d  f o r  PFU /m l. The r e m a in in g  c u l t u r e  m a t e r ­
i a l  was t r e a t e d  w i t h  CAP and  ly so zy m e a s  d e s c r i b e d  a b o v e .  At t h e  
same t i m e ,  5 m l o f  2 M s u c r o s e  o r  s o r b i t o l  was ad d ed  t o  t h e  c u l t u r e  
t o  b r i n g  t h e  f i n a l  c o n c e n t r a t i o n  o f  t h e  s t a b i l i z e r  t o  0 .5  M. The 
m i x t u r e s  w e re  t h e n  i n c u b a t e d  a t  30°C w i t h  v e r y  s lo w  a g i t a t i o n  
(25 r p m ) . When p r o t o p l a s t  f o r m a t i o n  was g r e a t e r  t h a n  99% c o m p le t ­
e d ,  t h e  c u l t u r e  was d i l u t e d  1 0 0 - f o l d  i n  TYS c o n t a i n i n g  0 .5  H s t a b ­
i l i z e r .  S u b sam p le s  w e re  t h e n  p e r i o d i c a l l y  rem oved  and  a s s a y e d  f o r  
PFU/ml.
Each  o f  t h e  s u b s a m p le s  w e re  a s s a y e d  i n  TYS medium w i t h  and 
w i th o u t  0 .5  M s u c r o s e .  When s u c r o s e  was o m i t t e d  from  t h e  d i l u t i o n  
b r o t h ,  b a s a l  medium, and  a g a r  o v e r l a y ,  t h e n  0 . 1  ml o f  c h l o r o f o r m  
was ad d ed  t o  t h e  f i r s t  t u b e  o f  t h e  d i l u e n t .  A l l  t h e  m e d ia  w ere  
s u p p le m e n te d  w i t h  C aC l^ .  The PFU/ml was d e t e r m in e d  from  t h e  p l a t e s  
a f t e r  18 h o f  i n c u b a t i o n  a t  30°C .
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P r e p a r a t i o n  o f  p r o t o p l a s t s  f ro m  p h ag e  4 1 c - i n f e c t e d  c e l l s .
Bi. s u b t i l i s  168 c e l l s  grown t o  a n  OD o f  0 .2  i n  TYS b r o t h  (500  m l) 
w ere  c e n t r i f u g e d  and  r e s u s p e n d e d  i n  TYS b r o t h  a s  d e s c r i b e d  a b o v e .  
P hage  41c was a d d e d  t o  y i e l d  a  MOI o f  4 0 .  A f t e r  25 m in  o f  a e r a t ­
io n  and  i n c u b a t i o n  a t  30°C, 0 .3  m l o f  a n t i s e r a  t o  p h a g e  41c (K=30) 
was ad d ed  t o  t h e  c u l t u r e .  S u b sam p le s  (9 m l) w e re  rem oved  a t  1 5 ,  
30 , 4 0 ,  5 0 ,  60 , and  75 m in  p o s t - i n f e c t i o n  an d  a d d ed  t o  5 0 -m l 
f l a s k s  c o n t a i n i n g  5 m l o f  2 M s u c r o s e ,  0 . 5  mg CAP, and  8 mg 
ly so zy m e .  When p r o t o p l a s t  f o r m a t i o n  was c o m p le te ,  10 m l o f  e a c h  
o f  t h e s e  s a m p le s  was p r e f i x e d  w i t h  a q u e o u s  g l u t a r a l d e h y d e  and  
p r e p a r e d  f o r  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y  a s  d e s c r i b e d  a b o v e .
IV . RESULTS 
P h ag e  C h a r a c t e r i z a t i o n  S t u d i e s  
S iz e  and  M orphology  o f  P h a g e s  41c and  SPPl
E l e c t r o n  m i c r o g r a p h s  o f  n e g a t i v e l y  s t a i n e d  p h a g e  41c ( F i g u r e  
l a )  i n d i c a t e d  t h a t  t h e  h e a d  p o s s e s s e d  a n  i c o s a h e d r a l  s t r u c t u r e  
and was a p p r o x i m a t e l y  60 nm i n  d i a m e t e r .  The f l e x i b l e  t a i l  was 
q u i t e  v i s i b l e ,  b u t  t a i l  f i b e r s ,  b a s e  p l a t e s ,  and  c o n t r a c t i l e  
s h e a t h s  w ere  n o t  d e t e c t e d .  The n e c k  a p p e n d a g e  o r  c o l l a r ,  w h ich  
was a p p a r e n t  i n  e m p ty -h e a d e d  p h a g e ,  m e a s u re d  1 5 -2 0  ym a c r o s s .
The m o rp h o lo g y  o f  p h a g e  S P P l ( F i g u r e  l b )  was e s s e n t i a l l y  i d e n t i ­
c a l  t o  t h a t  o f  p h ag e  4 1 c .  The d im e n s io n s  o f  e a c h  p h ag e  a r e  
l i s t e d  i n  T a b le  2 .
H o st  Range and  P la q u e  M orphology
Of t h e  11 s t r a i n s  l i s t e d  i n  T a b le  1 ,  o n l y  B a c i l l u s  s u b t i l i s  
168 s u p p o r t e d  t h e  r e p l i c a t i o n  o f  phage  41c  o r  S P P l .  I n  a d d i t i o n ,  
s i x  m u t a n t s  o f  J3. s u b t i l i s  168 w h ic h  w ere  i s o l a t e d  a s  a  r e s u l t  o f  
s p o n ta n e o u s  r e s i s t a n c e  t o  i n f e c t i o n  by p h a g e  41c p ro v e d  t o  b e  r e ­
s i s t a n t  t o  p h ag e  SPPl i n f e c t i o n  a s  w e l l .
A f t e r  24 h  o f  i n c u b a t i o n  a t  37°C, t h e  p l a q u e s  p ro d u c e d  by 
p hage  41c w ere  s m a l l  ( a p p r o x i m a t e l y  2 mm i n  d i a m e t e r )  and  c i r c u l a r  
i n  s h a p e .  Each p l a q u e  had a  c l e a r  c e n t e r ,  s u r r o u n d e d  by a  p r o ­
nounced  t r a n s l u c e n t  h a l o .  P h ag e  SPPl p ro d u c e d  c i r c u l a r  a r e a s  o f
31
FIGURE 1
E l e c t r o n  m i c r o g r a p h s  o f  p h ag e  n e g a t i v e l y  s t a i n e d  w i t h  1% 
p h o s p h o t u n g s t i c  a c i d  (pH 7 . 2 ) .  B a rs  = 0 .2 5  y m . ( A ) , p h ag e  
4 1 c ;  ( B ) , p h a g e  S P P l .
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a w * .
TABLE 2
D im en s io n s  o f  p h a g e s  41c and  SPPl
D im ensions  (nm)
Phage Head D ia m e te r  T a i l  L e n g th  T a i l  W id th
41c 59±3 194±10 10±2
SPPl 61±2 182±5 9±1
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c l e a r i n g  (3 —4 mm i n  d i a m e t e r ) . A f a i n t  h a l o  was i n f r e q u e n t l y  v i s i ­
b l e  a t  t h e  p e r i p h e r y  o f  t h e  p l a q u e .
I n h i b i t i o n  o f  I n f e c t i o n  b y  D e o x y r ib o n u c l e a s e  o r  S t r e p t o m y c i n
I n f e c t i o n  by e i t h e r  p h ag e  41c o r  S P P l was s i g n i f i c a n t l y  i n ­
h i b i t e d  by  t h e  p r e s e n c e  o f  e i t h e r  DNase (T a b le  3) o r  s t r e p t o m y c i n  
(T a b le  4 ) .  I n  t h e  l a t t e r  c a s e ,  an y  p l a q u e s  t h a t  d i d  a p p e a r  w e re  
p i n p o i n t  i n  s i z e  and  t r a n s p a r e n t  f o r  b o t h  p h a g e s .
K V a lu e s  o f  A n t i s e r a  and  M o le c u la r  W e ig h ts  o f  P hage  S t r u c t u r a l  
P r o t e i n s
The K v a l u e s  ( n e u t r a l i z a t i o n  c o n s t a n t s )  f o r  r a b b i t  a n t i s e r a  t o  
phage  41c  w e re  50 and  25 f o r  p h a g e s  41c and  S P P l ,  r e s p e c t i v e l y .  As 
t h e s e  r e s u l t s  m ig h t  p r e d i c t ,  o n ly  s l i g h t  d i f f e r e n c e s  w e re  d e t e c t e d  
b e tw ee n  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  s t r u c t u r a l  p r o t e i n  s u b u n i t s  
o f  t h e  two p h a g e s .  R e s u l t s  o f  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  
(PAGE) i n d i c a t e d  a  minimum o f  15 d i s t i n c t  p r o t e i n  s u b u n i t s  from  
h e a t - d i s r u p t e d  l y s a t e s  o f  p h a g e s  41c o r  SPP l ( F i g u r e  2 ) .  The h ig h  
d e n s i t y  o f  t h e  m i g r a t i n g  p r o t e i n  f r o n t  s u g g e s t e d  t h e  p r e s e n c e  o f  
a d d i t i o n a l  p r o t e i n  s u b u n i t s .  H ow ever, t h e s e  p r o t e i n s  w e re  n o t  
s e p a r a t e d  due  t o  t h e  t e c h n i c a l  l i m i t a t i o n s  o f  t h e  e l e c t r o p h o r e t i c  
sy s te m  a v a i l a b l e .  N e v e r t h e l e s s ,  t h e  g e l  p a t t e r n  p ro d u c e d  by p h ag e  
41c c l e a r l y  r e s o l v e d  a  5 4 ,0 0 0  d a l t o n  p r o t e i n  s u b u n i t  w h ich  was n o t  
d e t e c t e d  i n  t h e  SPPl g e l  p a t t e r n .  S i m i l a r l y ,  l y s a t e s  o f  SPP l r e ­
v e a l e d  a  p r o t e i n  s u b u n i t  w i t h  a  m o l e c u l a r  w e ig h t  o f  a p p r o x i m a t e l y  
4 1 ,5 0 0  d a l t o n s  w h ic h  was n o t  d e t e c t e d  i n  l y s a t e s  o f  4 1 c .  A l l  o t h e r  
b an d s  w ere  s i m i l a r ,  b u t  n o t  a lw a y s  i d e n t i c a l ,  i n  m o l e c u l a r  w e i g h t .
TABLE 3
Phage  r e c o v e r y  i n  t h e  p r e s e n c e  o f  d e o x y r ib o n u c l e a s e
P hage DNase c o n c e n t r a t i o n  
(p g /m l)
PFU/ml* R eco v e ry
(%)
41c 3 .7  x  107
41c 200 7 .2  x 105 1 .9
SPPl - 2 .5  x  107 -
SPPl 200 3 . 1  x  105 1 .2
D a ta  i n d i c a t e s  t h e  a v e r a g e  o f  p la q u e  a s s a y s  done  i n  t r i p l i c a t e .
WWB-MW9
TABLE A
R eco v e ry  o f  phage  i n  t h e  p r e s e n c e  o f  s t r e p t o m y c i n  s u l f a t e
Phage S t r e p to m y c in  C o n c e n t r a t i o n  
(mg/ml)
.  * 
PFU/ml R eco v e ry
(%)
Ale _ 6 .6  x  1010 _
Ale 1 1 . A x  1010 17
SPPl - 5 .8  x  1010 -
SPPl 1 1 . A x  1010 19




S D S -p o ly a c ry la m id e  s l a b  g e l  c o n t a i n i n g  s t r u c t u r a l  p r o t e i n s  
o f  p h a g e s  S P P l an d  4 1 c .  E ach  w e l l  c o n t a i n e d  3 5 -4 0  yg  o f  
p r o t e i n .  P o s i t i o n  o f  s t a n d a r d  b a n d s  a r e  i n d i c a t e d  on 
r i g h t h a n d  s i d e  o f  f i g u r e .  ( a ) ,  SPPl p r o t e i n s ;  ( b ) , 41c 






The m o l e c u l a r  w e i g h t s  o f  t h e  p h a g e  p r o t e i n s ,  a s  d e t e r m in e d  from  
t h e s e  g e l  p a t t e r n s ,  a r e  l i s t e d  i n  T a b le  5 .
Base C o m p o s i t io n  o f  P h a g e s  41c  and  SP Pl DNAs
R e s u l t s  o f  t h e r m a l  d e n a t u r a t i o n  and  CsCl b u o y a n t  d e n s i t y  
u l t r a c e n t r i f u g a t i o n  o f  p h ag e  41c  DNA s u g g e s t e d  t h a t  no u n u s u a l  
b a s e s  w ere  p r e s e n t  ( 9 3 ) .  H ow ever, t h e s e  m e th o d s  c o u l d  n o t  d i s ­
c r i m i n a t e  b e tw e e n  " n o rm a l"  DNA ( p o s s e s s i n g  th y m in e )  and  DNA 
c o n t a i n i n g  t h e  p y r i m i d i n e  u r a c i l  i n  p l a c e  o f  th y m in e .  T h e re ­
f o r e ,  s e v e r a l  o t h e r  m e th o d s  w e re  u t i l i z e d  t o  d e m o n s t r a t e  t h e
p r e s e n c e  o f  th y m in e  i n  41c DNA. T h ese  i n c l u d e d  c h r o m a to g r a p h i c  
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a n a l y s i s ,  H - th y m id in e  u p t a k e  e x p e r i m e n t s ,  a s  w e l l  a s  n u c l e a r  
m a g n e t i c  r e s o n a n c e  (NMR) s p e c t r o s c o p y .
C hrom atogram s o f  f o r m i c - a c i d  h y d r o ly z e d  41c DNA y i e l d e d  
R^ v a l u e s  o f  a p p r o x i m a t e l y  0 . 2 6 ,  0 . 3 5 ,  and  0 . 4 3 .  A f o u r t h  s p o t  
was f a i n t l y  v i s i b l e  and  was c a l c u l a t e d  t o  h a v e  a n  R^ v a l u e  o f  
0 . 6 8 .  T h ese  v a l u e s  m o s t  l i k e l y  r e p r e s e n t e d  t h e  b a s e s  g u a n i n e ,  
a d e n i n e ,  c y t o s i n e ,  an d  u r a c i l ,  r e s p e c t i v e l y .  They m a tc h e d  t h e  
R^ v a l u e s  o f  t h e  s t a n d a r d s  u s e d  i n  t h i s  s t u d y ,  w h ic h  i n  t u r n ,  
w e re  a l m o s t  i d e n t i c a l  t o  t h o s e  r e p o r t e d  p r e v i o u s l y  ( 3 3 , 8 6 ) .
I n  a d d i t i o n ,  ch ro m a to g ram s  o f  e n z y m a t i c a l l y  d i g e s t e d  41c  DNA 
r e v e a l e d  a  s p o t  w i t h  an  R^ v a l u e  o f  0 . 6 2 .  T h i s  was i d e n t i c a l  
t o  t h a t  o b t a i n e d  w i t h  t h e  UMP s t a n d a r d .  F u r th e r m o r e ,  a  s p o t  
w i t h  a n  R^ v a l u e  d e t e r m in e d  t o  b e  r e p r e s e n t a t i v e  o f  th y m id in e  
was d e t e c t e d  i n  c h r o m a to g ra p h s  o f  h y d r o ly z e d  SPPl DNA.
A l th o u g h  t h e  c h ro m a to g ra p h y  d a t a  s u g g e s t e d  t h a t  41c DNA 
p o s s e s s e d  u r a c i l  and  SPPl DNA c o n t a i n e d  th y m in e ,  a  p h ag e  41c
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TABLE 5
A p p ro x im a te  m o l e c u l a r  w e i g h t s  ( i n  d a l t o n s )  o f  p r o t e i n  
s u b u n i t s  f o r  p h a g e s  41c and  SPPl
P h ag e  41c P h ag e  SPPl
1 2 0 ,0 0 0 1 2 0 ,0 0 0
7 0 ,0 0 0 7 0 ,0 0 0
6 6 ,0 0 0 6 6 ,0 0 0
6 0 ,0 0 0 6 2 ,0 0 0
5 5 ,0 0 0 5 6 ,0 0 0
5 4 ,0 0 0 5 2 ,0 0 0
4 9 ,0 0 0 4 3 ,0 0 0
4 3 ,0 0 0 4 1 ,5 0 0
4 0 ,0 0 0 4 0 ,0 0 0
3 6 ,5 0 0 3 8 ,0 0 0
3 4 ,0 0 0 3 6 ,0 0 0
3 3 ,0 0 0 3 3 ,0 0 0
3 0 ,5 0 0 3 0 ,5 0 0
2 8 ,5 0 0 2 8 ,5 0 0
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3 9l y s a t e  p ro d u c e d  i n  t h e  p r e s e n c e  o f  H - th y m id in e  p ro d u c e d  6 x  10
PFU/ml and  c o n t a i n e d  4 9 ,4 0 0  CPM/ml. A s i m i l a r  e x p e r im e n t  w i t h
phage  SPPl r e s u l t e d  i n  a  l y s a t e  c o n t a i n i n g  1 x  1 0 ^  PFU/ml and
5 9 ,9 0 0  CPM/ml. T h e r e f o r e ,  p h a g e  41c an d  p h ag e  SPPl l y s a t e s
p ro d u c e d  by i d e n t i c a l  m eans p o s s e s s e d  8 x  10 ^ CPM/PFU and 
—66 x  10 CPM/PFU, r e s p e c t i v e l y .
The p r e s e n c e  o f  th y m in e  i n  phage  41c  DNA was f i n a l l y  co n ­
f i r m e d  by NMR s p e c t r o s c o p y  ( T a b le  6 ) .  E n z y m a t i c a l l y  h y d r o ly z e d  
DNA ( r e s u s p e n d e d  i n  D£0) r e a d i l y  p ro d u c e d  a  p e a k  a t  1 .9 2  ppm.
A p e a k  a t  t h i s  p o s i t i o n  i s  c h a r a c t e r i s t i c  o f  a  m e th y l  g ro u p  
su c h  a s  t h a t  w h ic h  o c c u r s  on t h e  p y r i m i d i n e  th y m in e  (K. 
G a l l a g h e r ,  p e r s o n a l  c o m m u n ic a t io n ) . None o f  t h e  o t h e r  b a s e s  
( a d e n i n e ,  c y t o s i n e ,  g u a n i n e ,  o r  u r a c i l )  p o s s e s s  su c h  m e th y l  
g r o u p s .  Due t o  t h e  r e l a t i v e l y  low  c o n c e n t r a t i o n  o f  p h ag e  41c 
DNA u s e d ,  many o f  t h e  o t h e r  p e a k s  c h a r a c t e r i s t i c  o f  th y m id in e  
w ere  n o t  a p p a r e n t .
P la g u i n g  E f f i c i e n c y  o f  P h a g e s  41c  and  SPPl
The d a t a  i n  T a b l e  7 i n d i c a t e d  t h a t  t h e  e f f i c i e n c y  o f  p l a q u -
in g  (EOP) f o r  b o t h  p h a g e s  41c an d  SPPl was i n h i b i t e d  by a  f a c t o r
| - |  1_ 
o f  a b o u t  90% i n  t h e  a b s e n c e  o f  Ca . H ow ever, when Ca was
o m i t t e d  from  TYS b r o t h  t h e  r e s u l t i n g  l y s a t e s  o f  e i t h e r  phage
showed m ore t h a n  a  99.9% d e c r e a s e  i n  PFU. The l a t t e r  phenomenon
was e v i d e n t  ev en  when t h e s e  l y s a t e s  w ere  a s s a y e d  i n  t h e  p r e s e n c e  
_| |
o f  Ca . F u r th e r m o r e ,  i n t a c t  p h ag e  w ere  n o t  d e t e c t e d  i n  n e g a ­
t i v e l y  s t a i n e d  p r e p a r a t i o n s  o f  t h e  p resu m ed  l y s a t e s .  T h ese
r e s u l t s ,  w h ich  a r e  i n  a g re e m e n t  w i t h  t h o s e  o f  L an d ry  and  Z s ig r a y
- | |
( 4 1 ) ,  s u g g e s t  t h a t  Ca i s  r e q u i r e d  f o r  a  p o s t - p e n e t r a t i o n  s t e p
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TABLE 6
N u c le a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y
S p e c t r a l  P e a k  A ss ig n m e n ts  
( i n  p a r t s  p e r  m i l l i o n )
* **
L i t e r a t u r e V a lu e s E x p e r i m e n t a l D a ta
th y m id in e u r i d i n e th y m id in e P hage  41c DNA
1 .9 1 3 .7 2 1 .9 1 .9 2
2 .4 3 .7 2 .3 8 2 .6 8
3 .7 9 4 .8 7 3 .8 2 .7 5
3 .8 5 5 .6 3 3 .9 9 2 .7 7
4 .0 3 5 .8 5 4 .4 8 4 .2 6
4 .4 9 7 .8 9 6 .2 9 5 .3 3
6 .2 8 1 0 .9 9 7 .6 5 7 .9 3
7 .6 5 - - 8 .5 4
— 8 .6 7
( R e f e r e n c e s  4 , 6 8 ) .
B o th  p u r e  th y m id in e  and  phage  41c DNA ( h y d r o ly z e d )  was d i s s o l v e d  
in  D„0 and  s u b j e c t e d  t o  n u c l e a r  m a g n e t ic  r e s o n a n c e  s p e c t r o s c o p y  
of  t h e  p r o t o n  s h i f t s .
TABLE 7
E f f e c t  o f  c a l c iu m  (10  mM) on t h e  e f f i c i e n c y  o f  
p l a q u i n g  f o r  p h a g e s  41c  and  SPPl
E x p e r im e n t
Number P hage
C a lc ium
Added
(mM)
PFU/ml* I n h i b i t i o n
(%)
1 41c 10 6 .4  x  1 0 10 —
41c 0 6 .3  x  109 9 0 .1
SPPl 10 7 .6  x 1010 -
SPPl 0 7 .3  x  1 0 9 9 0 .4
2 41c 10 1 .4  x  1 0 10 _
41c 0 2 .2  x 1 0 9 8 4 .2
SPPl 10 - « n -JLO 1 .3  x 10 -
SPPl 0 1 .2  x 1 0 9 9 0 .6
3 41c 10 1 .7  x  1 0 10 —
41c 0 2 .2  x 109 8 6 .8
SPPl 10 1 .2  x 1010 -
SPPl 0 1 .1  x 1 0 9 9 1 .1
D a ta  i n d i c a t e s  r e s u l t s  o f  p l a q u e  a s s a y s  done  i n  t r i p l i c a t e .
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i n  t h e  p r o d u c t i o n  o f  p h a g e  4 1 c .  The r e s u l t s  o f  t h i s  s tu d y  a l s o  
show t h a t  s u c h  a  r e q u i r e m e n t  a p p l i e s  t o  t h e  p r o d u c t i o n  o f  p h ag e  
SPPl p r o g e n y .
Mixed I n f e c t i o n  w i t h  P h a g e s  41c and  SPPl
S im u l ta n e o u s  i n f e c t i o n  o f  B_. s u b t i l i s  168 w i t h  p h a g e s  41c
3
and SPPl r e s u l t e d  i n  a  n o rm a l  b u r s t  s i z e  o f  a b o u t  10 p h a g e  p e r  
c e l l .  As e v id e n c e d  f ro m  t h e i r  d i s t i n c t i v e l y  d i f f e r e n t  p la q u e  
m o rp h o lo g y ,  p h a g e s  41c and  SP Pl d i d  n o t  e x c l u d e  e a c h  o t h e r  f ro m  
i n f e c t i n g  t h e  h o s t  c e l l s  ( T a b le  8 ) .  A p p r o x im a te ly  50% o f  t h e  
p la q u e s  w ere  t y p i c a l  o f  t h o s e  p ro d u c e d  by p h a g e  4 1 c .  A l l  o t h e r s  
w ere  c h a r a c t e r i s t i c  o f  p h ag e  S P P l .
P h y s i o l o g i c a l  S t u d i e s
C h a r a c t e r i z a t i o n  o f  t h e  L y t i c  C y c le  by E n u m e ra t io n  o f  Phage  P ro g e n y
Q u a n t i t a t i v e  d a t a  on t h e  a p p e a r a n c e  o f  v i r a l  p ro g e n y  a f t e r
i n f e c t i o n  o f  B a c i l l u s  s u b t i l i s  w i t h  p h ag e  41c a r e  g iv e n  i n  F i g u r e
3. I n f e c t i o n  was f o l l o w e d  by a  l a t e n t  p e r i o d  o f  a p p r o x i m a t e l y  50
m in .  The number o f  f r e e  p h a g e  r o s e  e x p o n e n t i a l l y  f o r  a b o u t  120
3
m in ,  r e s u l t i n g  i n  a  b u r s t  s i z e  o f  a p p r o x i m a t e l y  10 p h ag e  p e r  h o s t  
c e l l .
Phage 4 1 c - D i r e c t e d  P r o t e i n  S y n t h e s i s
The d a t a  p r e s e n t e d  i n  F i g u r e  4 i n d i c a t e  t h a t  t h e  a d d i t i o n  o f  
c h lo r a m p h e n ic o l  a t  30 m in  a f t e r  i n f e c t i o n  p r o t e c t e d  m ore  th a n  75% 
o f  t h e  i n f e c t e d  c o m p lex es  from  l y s i s .  S in c e  CAP i s  a  p o t e n t  i n h i b ­
i t o r  o f  p r o t e i n  s y n t h e s i s ,  t h e s e  d a t a  i n d i c a t e  t h e  p r e s e n c e  o f
TABLE 8
S im u l ta n e o u s i n f e c t i o n  o f  B. s u b t i l i s  168 w i t h  p h a g e s  41c and SPPl
A*
F i n a l  PFU/ml
E x p e r im e n t  Number Phage 41c Phage  SPPl
1 3 .7  x  1010 4 .8  x 1010
2 3 .3  x  1010 2 .6  x 1010
3 2 .0  x 1010 3 .2  x 1010
& B
The i n p u t  i n  a l l  t h r e e  e x p e r im e n t s  was a d j u s t e d  t o  1 .2  x  10 PFU/ml f o r  e a c h  o f
t h e  p h a g e .
*The f i n a l  PFU/ml i s  t h e  a v e r a g e  o f  t h e  p la q u e  a s s a y s  done i n  t r i p l i c a t e  p e r  
e x p e r im e n t .
FIGURE 3
I n t r a c e l l u l a r  g ro w th  c u r v e  o f  p h ag e  4 1 c .  A rrow s i n d i c a t e  
t i m e s  a f t e r  i n f e c t i o n  when s a m p le s  w e re  w i th d ra w n  f o r  
e l e c t r o n  m i c r o s c o p y .
10 30 50 70 90 110
TIME AFTER INFECTION ( m i n )
FIGURE 4
E f f e c t  o f  c h l o r a m p h e n i c o l  on t h e  o p t i c a l  d e n s i t y  o f  13. 
s u b t i l i s  c u l t u r e s  i n f e c t e d  w i t h  p h a g e  4 1 c .  F o l lo w in g  i n ­
f e c t i o n ,  a  c u l t u r e  was d i v i d e d  i n t o  tw e l v e  p o r t i o n s .  At 
5 m in  i n t e r v a l s ,  ( f ro m  2 0 -6 0  m in  p o s t - i n f e c t i o n ) ,  one  o f  
t h e  s u b c u l t u r e s  was t r e a t e d  w i t h  c h l o r a m p h e n i c o l  (20 p g / m l ) . 
Sam ples  w ere  a e r a t e d  and  i n c u b a t e d  f o r  a p p r o x i m a t e l y  3 h 
p o s t - i n f e c t i o n ,  b e f o r e  t h e  f i n a l  o p t i c a l  d e n s i t y  v a l u e s  



















TIME (m i n ) POST-INFECTION WHEN CAP ADDED
51
s u f f i c i e n t  p h a g e  p r o t e i n s  t o  a l l o w  a s s e m b ly  and  some l y s i s  o f  t h e  
c u l t u r e .  S in c e  an  MOI o f  a b o u t  10 was u s e d ,  an  i n f e c t e d  c u l t u r e  
w i th o u t  CAP l y s e d  w i t h i n  120 m in  p o s t - i n f e c t i o n .
H ost DNA S y n t h e s i s  D u r in g  I n f e c t i o n  w i t h  P h a g e s  41c and  SPPl
S t u d i e s  by E sc h e  (1 6 )  h a v e  e s t a b l i s h e d  t h a t  i n f e c t i o n  by
phage  SPPl d o e s  n o t  i n h i b i t  h o s t  DNA s y n t h e s i s .  I n  t h i s  s t u d y ,
3
15. s u b t i l i s  c e l l s  i n f e c t e d  w i t h  p h ag e  41c i n c o r p o r a t e d  H- 
th y m id in e  a t  t h e  same r a t e  a s  d i d  t h o s e  i n f e c t e d  w i t h  p h ag e
SPPl ( F i g u r e  5 ) .  T h u s ,  i t  a p p e a r e d  p r o b a b l e  t h a t  41c i n f e c t i o n
a l s o  f a i l e d  t o  s i g n i f i c a n t l y  a l t e r  h o s t  DNA s y n t h e s i s .  F u r t h e r ­
m ore , t h e  OD o f  a  J3. s u b t i l i s  c u l t u r e  i n f e c t e d  w i t h  p h a g e  41c
i n c r e a s e d  a t  t h e  same r a t e  a s  t h a t  o f  a n  u n i n f e c t e d  c u l t u r e  u n ­
t i l  t h e  o n s e t  o f  l y s i s  ( F i g u r e  6 ) ,  s u g g e s t i n g  a  n o rm a l  g ro w th  
p a t t e r n  f o r  c e l l s  d u r i n g  e a r l y  s t a g e s  o f  i n f e c t i o n .
E l e c t r o n  M i c r o s c o p i c a l  S t u d i e s  
U l t r a s t r u c t u r e  o f  U n i n f e c t e d  C e l l s
U n in f e c t e d  c e l l s  p r e s e r v e d  by  t h e  R y t e r - K e l l e n b e r g e r  p r o c e d u r e  
(37 ;  F i g u r e  7) w e re  s i m i l a r  i n  u l t r a s t r u c t u r e  t o  e x p o n e n t i a l l y  
g row ing  13. s u b t i l i s  c e l l s  t h a t  h av e  b e e n  d e s c r i b e d  p r e v i o u s l y  (5 1 ,  
8 2 , 8 3 ) .  The n u c l e o p la s m  i n  m o s t  o f  t h e s e  c e l l s  was c o n c e n t r a t e d  in  
one o r  m ore  d i s c r e t e ,  c e n t r a l l y  l o c a t e d  r e g i o n s .  T h in ,  e l e c t r o n -  
d e n s e  s t r a n d s  w ere  o f t e n  v i s i b l e  w i t h i n  t h e s e  r e g i o n s .  The c y t o ­
p la sm  a p p e a r e d  a s  a  g r a n u l a r  e l e c t r o n - d e n s e  a r e a .  I n d i v i d u a l  
r ib o s o m e s  w e re  u s u a l l y  n o t  d e l i n e a t e d  c l e a r l y .  M ost l o n g i t u d i n a l
FIGURE 5
3
U p tak e  o f  H - th y m id in e  by B_. s u b t i l i s  grow n i n  TP b r o t h .  
S y m b o l s : ^ ,  u n i n f e c t e d  c u l t u r e ;  B  , c u l t u r e  i n f e c t e d  













TIME ( m i n )
FIGURE 6
E f f e c t  o f  p h a g e  41c i n f e c t i o n  on  h o s t  r e p l i c a t i o n .  
Sym bols : Q  , u n i n f e c t e d  c u l t u r e ;  fli  , c u l t u r e  i n ­
















E l e c t r o n  m ic ro g ra p h ,  o f  t h i n - s e c t i o n e d ,  u n i n f e c t e d  ]3. s u b t i l i s  
c e l l  ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) . .  L o n g i t u d i n a l  s e c t i o n ,  
show ing  d i s c r e t e ,  c e n t r a l l y  l o c a t e d  n u c l e o p la s m  (n )  an d  a  
t i g h t l y  p a c k e d ,  v e s i c u l a r - l a m e l l a r  mesosome (m ) . B ar  = 0 .5  ym.
FIGURE 8
E l e c t r o n  m ic r o g r a p h  o f  t h i n - s e c t i o n e d ,  u n i n f e c t e d  JB. s u b t i l i s  
c e l l  show ing  mesosome s t r u c t u r e  ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) . 
D e t a i l  o f  t y p i c a l ,  c e n t r a l l y  l o c a t e d ,  t i g h t l y  p a c k e d ,  v e s i c u l a r  
mesosome (m ) . N o te  a s s o c i a t i o n  w i t h  d i v i s i o n  s e p tu m .
Bar = 0 .3  ym.
• I * '  , 
■
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s e c t i o n s  c o n t a i n e d  o n e  o r  m ore l a r g e ,  com plex  mesosom es i n  a d d i t ­
i o n  t o  t h e  u s u a l  n u c l e a r  and  c y t o p l a s m i c  m a t e r i a l s .  The m a in  
b o d i e s  o f  t h e s e  m esosom es w e re  o f t e n  c e n t r a l l y  l o c a t e d  w i t h  r e ­
s p e c t  t o  t h e  s h o r t  a x i s  o f  t h e  c e l l .  They r a n g e d  i n  d i a m e te r  
f rom  0 .0 8  t o  0 .4  ym, w i t h  an  a v e r a g e  d i a m e t e r  o f  0 .2 2 ± 0 .0 7 y m .
The a r r a n g e m e n t  o f  t h e i r  i n t e r n a l  com ponen ts  was o f t e n  v e s i c u l a r  
a n d ,  s o m e t im e s ,  v e s i c u l a r - l a m e l l a r  ( 2 4 ) .  F u l l y  l a m e l l a r  m eso­
somes w e re  r e l a t i v e l y  r a r e .  The i n t e r n a l  membranes o f  a lm o s t  
a l l  m esosom es w e re  o r d e r e d  i n  a  f a i r l y  c o m p a c t ,  t i g h t l y  f o l d e d  
c o n f i g u r a t i o n .  A s s o c i a t i o n  o f  t h e  m esosom es w i t h  d i v i s i o n  s e p t a  
w e re  c l e a r l y  v i s i b l e  i n  some c e l l  s e c t i o n s  ( F ig u r e  8 ) ,  a s  w ere  
c o n n e c t i o n s  t o  t h e  p e r i p h e r a l  c y t o p l a s m i c  mem brane. No s i g n i f i ­
c a n t  c h a n g e s  w e re  o b s e r v e d  i n  t h e  u l t r a s t r u c t u r e  o f  u n i n f e c t e d  
c e l l s  t h r o u g h o u t  t h e  8 5 -m in  i n c u b a t i o n  p e r i o d .  F u r th e r m o r e ,  
c e n t r i f u g a t i o n  o f  c e l l s  p r i o r  t o  p r e f i x a t i o n  d id  n o t  a l t e r  t h e  
u l t r a s t r u c t u r e  o f  t h e s e  c e l l s  o r  t h e i r  m esosom es.
C e l l s  p r e p a r e d  f o r  e l e c t r o n  m ic r o s c o p y  by t h e  F o o k e - A c h te r r a t h  
t e c h n i q u e  (20) w e re  u l t r a s t r u c t u r a l l y  s i m i l a r  t o  t h o s e  f i x e d  by 
t h e  R y t e r - K e l l e n b e r g e r  m e thod  ( 3 7 ) .  H ow ever, t h e  l o c a t i o n ,  s i z e ,  
an d  f r e q u e n c y  o f  t h e i r  m esosom es d i f f e r e d .  The mesosomes w ere  
s m a l l e r  and  m ore  p e r i p h e r a l l y  l o c a t e d  s t r u c t u r e s  ( F i g u r e  9 ) .  
A l th o u g h  t h e y  w e re  o b s e r v e d  a t  a p p r o x i m a t e l y  t h r e e  t i m e s  t h e  
f r e q u e n c y  a s  t h o s e  o b s e r v e d  f o l l o w i n g  p r e p a r a t i o n  by  t h e  R y t e r -  
K e l l e n b e r g e r  m e thod  ( 3 7 ) ,  t h e y  m a i n t a i n e d  t h e  v e s i c u l a r  c o n f i g u r ­
a t i o n  d e s c r i b e d  a b o v e .
C e l l s  p r e f i x e d  w i t h  g l u t a r a l d e h y d e  g e n e r a l l y  a p p e a r e d  t o  b e  
p o o r l y  p r e s e r v e d .  M esosomes w e re  r a r e l y  s e e n .  When v i s i b l e ,
FIGURE 9
E l e c t r o n  m ic r o g r a p h  o f  t h i n - s e c t i o n e d ,  u n i n f e c t e d  J3. s u b t i l i s  
c e l l  ( F o o k e - A c h t e r r a t h  f i x a t i o n ) .  L o n g i t u d i n a l  s e c t i o n ,  
show ing d i s c r e t e ,  c e n t r a l l y  l o c a t e d  n u c l e o p la s m  (n )  and  
s e v e r a l  p e r i p h e r a l l y  l o c a t e d ,  v e s i c u l a r  o r  v e s i c u l a r -  
l a m e l l a r  m esosom es (m ) . B = 0 .2 5  ym.
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t h e y  a p p e a r e d  t o  be  s m a l l ,  v e s i c u l a r  i n  c o n f i g u r a t i o n ,  and  p e r i p h ­
e r a l l y  l o c a t e d  l i k e  t h o s e  s e e n  w i t h  t h e  F o o k e - A c h t e r r a t h  p r o c e d u r e  
( 20) .
U l t r a s t r u c t u r e  o f  C e l l s  I n f e c t e d  w i t h  P h ag e  41c
R y t e r - K e l l e n b e r g e r  f i x a t i o n .  S am p lin g  t i m e s  f o r  t h e  e l e c t r o n  
m i c r o s c o p i c a l  s t u d i e s  d e s c r i b e d  b e lo w  e x t e n d e d  th r o u g h o u t  t h e  l a t ­
e n t  and  w e l l  i n t o  t h e  b u r s t  p e r i o d  a s  d e f i n e d  by t h e  r e s u l t s  i n  
F i g u r e  3 .  C e l l s  i n f e c t e d  w i t h  p h a g e  41c  e i t h e r  i n  t h e  p r e s e n c e  
o f  ad d ed  Ca o r  a d d e d  Ca and  Mg , and  p r e s e r v e d  w i t h  t h e  
R y t e r - K e l l e n b e r g e r  p r o c e d u r e  (3 7 )  w e re  u l t r a s t r u c t u r a l l y  i d e n t i ­
c a l  t o  c o n t r o l  c e l l s  f i x e d  by t h i s  m e thod  ( d e s c r i b e d  ab o v e )  f o r  
up t o  30 m in  p o s t - i n f e c t i o n .  H owever, m o r p h o l o g i c a l  c h a n g e s  d id  
t a k e  p l a c e  i n  t h e  h o s t  b e f o r e  any  d e f i n i t e  v i r a l  s t r u c t u r e s  w e re  
s e e n  w i t h i n  t h e  c y t o p la s m .  The f i r s t  o f  t h e s e  c h a n g e s  was ob­
s e r v e d  b e tw e e n  35 and  40 m in  a f t e r  i n f e c t i o n .  The m esosom es i n  
some c e l l s  b e g a n  to  o p en  up  s l i g h t l y .  T h e i r  i n t e r n a l  m em branes 
w e re  no l o n g e r  a s  com pac t o r  a s  t i g h t l y  p a c k e d  a s  t h e y  w e re  i n  
u n i n f e c t e d  c e l l s .
C o n s i d e r a b l e  c h a n g e s  i n  t h e  u l t r a s t r u c t u r a l  f e a t u r e s  o f  i n f e c t e d  
c e l l s  o c c u r r e d  b e tw e e n  40 an d  50 m in  p o s t - i n f e c t i o n .  B o th  t h e  ex ­
t e n t  t o  w h ic h  m esosom es w ere  a l t e r e d  and  t h e  p r o p o r t i o n  o f  c e l l s  
c o n t a i n i n g  a l t e r e d  m esosom es i n c r e a s e d  m a rk e d ly  d u r i n g  t h i s  p e r ­
i o d .  The mesosomes u n d e rw e n t  a  t r a n s i t i o n  fro m  t h e  v e s i c u l a r  
a r r a n g e m e n t  s e e n  i n  u n i n f e c t e d  c e l l s  ( F i g u r e  8) t o  a  l a m e l l a r  
c o n f i g u r a t i o n .  T h i s  t r a n s i t i o n  a p p e a r e d  t o  s t a r t  a t  t h e  o u t e r  
p o r t i o n s  o f  t h e  m esosom es and  t h e n  move in w a rd  u n t i l  a  f u l l y
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l a m e l l a r  a r r a n g e m e n t  w as fo rm ed  ( F i g u r e s  10a and  1 0 b ) . The m eso­
somes i n  90% o f  t h e  c e l l  s e c t i o n s  o b s e r v e d  h ad  t a k e n  on t h e  f u l l y  
l a m e l l a r  c o n f i g u r a t i o n  w i t h i n  50 m in  f o l l o w i n g  i n f e c t i o n .  The 
mesosomes a l s o  c o n t i n u e d  t o  u n f o l d  o r  open  u p ,  so m etim e s  s p r e a d ­
in g  th r o u g h o u t  t h e  c y to p la s m  ( F i g u r e  1 0 c ) , a s  t h e  a b o v e  t r a n s i t i o n  
to o k  p l a c e .  The f i r s t  d e f i n i t e  p h ag e  s t r u c t u r e s  a p p e a r e d  co n ­
c u r r e n t l y  w i t h  t h e  a l t e r a t i o n  o f  t h e  m esosom es. T h e se  s t r u c t u r e s  
w e re  s e e n  i n  a b o u t  20% o f  t h e  c e l l s  b e tw e e n  40 and  50 m in  a f t e r  
i n f e c t i o n .  Many o f  them  a p p e a r e d  t o  b e  l o c a t e d  i n  c l o s e  p r o x i m i t y  
t o  o r  on t h e  s u r f a c e  o f  t h e  m em branes i n  t h e  a l t e r e d  m esosom es 
( F ig u r e  1 1 ) .  The c y to p la s m  o f  many c e l l s  becam e l e s s  e l e c t r o n -  
d e n s e  b e tw e e n  40 and  50 m in  a f t e r  i n f e c t i o n ,  p re s u m a b ly  due  t o  
p h a g e - a c c u m u la te d  DNA. A l l  o f  t h e s e  u l t r a s t r u c t u r a l  c h a n g e s  
o c c u r r e d  b e tw e e n  50 and  70 m in  a f t e r  i n f e c t i o n  w h ic h  c o r r e s p o n d s  
t o  t h e  i n t e r v a l  b e tw e e n  t h e  a p p e a r a n c e  o f  p h a g e  p a r t i c l e s  and  c e l l  
l y s i s .  The p r o p o r t i o n  o f  c e l l s  c o n t a i n i n g  v i r a l  p a r t i c l e s  i n ­
c r e a s e d  t o  90% d u r i n g  t h i s  p e r i o d .  The number o f  p h ag e  h e a d s  p e r  
l o n g i t u d i n a l  c e l l  s e c t i o n  a l s o  i n c r e a s e d  m a rk e d ly ;  a s  many a s  100 
w ere  s e e n  i n  some c a s e s .  The p h ag e  h e a d s  ( F i g u r e s  1 2 -1 4 )  a v e r a g e d  
45 nm i n  d i a m e t e r ,  w e re  e l e c t r o n - d e n s e ,  and  had  d i s t i n c t  e d g e s  
when th e y  w e re  c o n t a i n e d  e n t i r e l y  w i t h i n  t h e  p l a n e  o f  s e c t i o n i n g .  
On t h e  o t h e r  h a n d ,  n e i t h e r  p h a g e  t a i l s ,  n o r  em pty h e a d s  w e re  e v e r  
c l e a r l y  v i s i b l e .  The p h ag e  h e a d s  w ere  no l o n g e r  p r e f e r e n t i a l l y  
a s s o c i a t e d  w i t h  t h e  membrane s u r f a c e s  o f  t h e  a l t e r e d  m esosom es by 
t h i s  t i m e .  They a c c u m u la te d  a s  c l u s t e r s  th r o u g h o u t  t h e  c y to p la s m  
i n s t e a d ,  w h i l e  m o s t  o f  t h e  m esosom es assum ed  a  r a t h e r  d i s t i n c t i v e  
s p i r a l  o r  c o n c e n t r i c  c o n f i g u r a t i o n  ( F i g u r e  1 2 ) .  At t h e  same t i m e ,
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FIGURE 10
E l e c t r o n  m i c r o g r a p h s  o f  t h i n - s e c t i o n e d  c e l l s  b e tw e e n  40 and  50 min 
a f t e r  i n f e c t i o n  w i t h  p h a g e  4 1 c ,  show ing  p r o b a b l e  s e q u e n c e  o f  m eso -  
some a l t e r a t i o n  ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) .  B a r s  = 0 .2  ym.
(A) Mesosome s t i l l  i n  t r a n s i t i o n  b e tw e e n  v e s i c u l a r  and  l a m e l l a r  
fo rm s ;  o u t e r  p o r t i o n  i s  l a m e l l a r  (1 )  w h i l e  i n n e r  p o r t i o n  i s  v e s i c u ­
l a r  ( v ) . (B) Mesosome i n  f u l l y  l a m e l l a r  c o n f i g u r a t i o n .  (C) F u l l y
l a m e l l a r  mesosome t h a t  h a s  o p en ed  up and  s p r e a d  th r o u g h o u t  t h e  
c y to p la s m .
FIGURE 11
E l e c t r o n  m ic r o g r a p h s  o f  t h i n - s e c t i o n e d  c e l l s  b e tw e e n  40 and  50 
m in  a f t e r  i n f e c t i o n  w i t h  p h a g e  4 1 c ,  show ing  a s s o c i a t i o n  o f  p h ag e  
w i t h  a l t e r e d  m esosom es ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) .  (A) Meso­
some t h a t  h a s  s p r e a d  th r o u g h o u t  c y t o p la s m .  P hage  (p )  a r e  a r r a y e d  
a lo n g  s u r f a c e s  o f  m esosom al m em branes .  Bar = 0 .3  ym. (B) Meso­
some i s  o p e n e d ,  l a m e l l a r  c o n f i g u r a t i o n  w i t h  p h ag e  s i t u a t e d  a lo n g  
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FIGURE 12
E l e c t r o n  m i c r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  65 m in a f t e r  i n f e c t i o n  
w i t h  p h ag e  41c  ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) . C y to p la sm  c o n t a i n s  
many p h ag e  h e a d s ,  some o f  w h ic h  (p) a r e  f u l l y  i n  p l a n e  o f  s e c t i o n ­
in g  an d  h a v e  d i s t i n c t  e d g e s .  N o te  t h e  d i s t i n c t i v e  s p i r a l  o r  co n ­
c e n t r i c  c o n f i g u r a t i o n  o f  m esosom es. B ar = 0 .2 5  pm.
FIGURE 13
E l e c t r o n  m i c r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  70 m in  a f t e r  i n f e c t i o n  
w i t h  p h a g e  4 1 c ,  show ing  e a r l y  s t a g e s  o f  l y s i s  ( R y t e r - K e l l e n b e r g e r  
f i x a t i o n ) .  C e l l  w a l l  h a s  b e e n  d e g ra d e d  a t  s e v e r a l  p o i n t s  w h i l e  
c y t o p l a s m i c  membrane h a s  r e m a in e d  l a r g e l y  i n t a c t .  N o te  l a r g e  
mesosome (m ), p o s s i b l y  u n f o l d i n g  a s  p a r t  o f  f i n a l  d i s r u p t i o n  p r i o r  
t o  l y s i s .  B ar = 0 .5  ym.
FIGURE 14
E l e c t r o n  m ic r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  70 m in  a f t e r  i n f e c t i o n  
w i t h  p h ag e  4 1 c ,  show ing  f i n a l  s t a g e  o f  l y s i s  ( R y t e r - K e l l e n b e r g e r  
f i x a t i o n ) . C y to p la sm  ( c )  i s  s p i l l i n g  o u t  o f  c e l l  body  th r o u g h  
r u p t u r e  i n  c y t o p l a s m i c  m em brane. N o te  d o u b le  membrane (m) a lo n g  
u p p e r  ed g e  o f  c e l l ,  b e l i e v e d  t o  b e  f u l l y  d i s r u p t e d  m esosom e. Some 
p h ag e  h e a d s  (p )  a r e  f u l l y  i n  p l a n e  o f  s e c t i o n i n g .  B a r  = 0 .3  ym.
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t h e  num ber o f  m esosom es p e r  l o n g i t u d i n a l  c e l l  s e c t i o n  i n c r e a s e d  
som ew hat. I n  c o n t r a s t  t o  c e l l s  o b s e r v e d  b e tw e e n  35 an d  50 m in 
a f t e r  i n f e c t i o n ,  t h e  c y to p la s m  o f  c e l l s  l a t e  i n  t h e  i n f e c t i o n  s e ­
q u en ce  was q u i t e  g r a n u l a r .  T h i s  g r a n u l a r i t y ,  w h ic h  may h a v e  b e e n  
due t o  t h e  a c c u m u la t i o n  o f  r ib o s o m e s  a n d / o r  e x t r a  c a p s i d  s u b u n i t s ,  
p e r s i s t e d  u n t i l  l y s i s .  A t t h e  same t i m e ,  t h e  am ount o f  n u c l e a r  
m a t e r i a l  i n  t h e  c y t o p la s m  a p p e a r e d  t o  d e c r e a s e .
L y s in g  c e l l s  w e re  f i r s t  o b s e r v e d  a p p r o x i m a t e l y  70 m in  a f t e r  
i n f e c t i o n .  The p e p t i d o g l y c a n  l a y e r  was b r o k e n  down a t  s e v e r a l  
p o i n t s  a ro u n d  t h e  p e r i p h e r y  o f  t h e  c e l l ,  t h e r e b y  r e s u l t i n g  i n  
t h e  f o r m a t i o n  o f  d i s t i n c t i v e  g a p s  i n  t h e  c e l l  w a l l  ( F i g u r e s  13 
and  1 4 ) .  The c y t o p l a s m i c  membrane a p p a r e n t l y  r e m a in e d  i n t a c t  f o r  
some t im e  w h i l e  t h e  p e p t i d o g l y c a n  l a y e r  was d e g r a d e d .  H ow ever, 
i t  d i d  e v e n t u a l l y  r u p t u r e  a t  o n e  o r  m ore o f  t h e  g a p s  i n  t h e  c e l l  
w a l l ,  t h e r e b y  a l l o w i n g  t h e  c o n t e n t s  o f  t h e  c y to p la s m  t o  s p i l l  o u t  
o f  t h e  c e l l  body ( F i g u r e  1 4 ) .  A t some p o i n t  d u r in g  t h e  l y t i c  
p r o c e s s ,  t h e r e  was a  f i n a l  d i s r u p t i o n  o f  t h e  m esosom es. N e i t h e r  
t h e  d i s t i n c t i v e  s p i r a l s  d e s c r i b e d  e a r l i e r  n o r  any  o t h e r  fo rm  o f  
i n t a c t  mesosome w e re  s e e n  i n  l y s i n g  c e l l s .  I n s t e a d ,  l y s i n g  c e l l s  
a p p e a r e d  a s  th o u g h  th e y  had  m u l t i p l e  c y t o p l a s m i c  m em branes .  P e r ­
h a p s  t h e  m esosom es u n f o l d e d  c o m p l e t e l y  and  l i n e d  up  a s  s i n g l e  
m em branes j u s t  i n s i d e  t h e  p e r i p h e r a l  c y t o p l a s m i c  membrane ( F i g u r e  
1 4 ) .  I t  was n o t  c l e a r  w h e th e r  t h i s  f i n a l  d i s r u p t i o n  o f  t h e  m eso­
somes p r e c e d e d  l y s i s  o r  was a c t u a l l y  a  r e s u l t  o f  i t .
F o o k e - A c h t e r r a t h  f i x a t i o n .  A l l  o f  t h e  u l t r a s t r u c t u r a l  c h a n g e s  
d e s c r i b e d  a b o v e  w ere  e v i d e n t  i n  c e l l s  p r e s e r v e d  w i t h  t h e  R y t e r -  
K e l l e n b e r g e r  p r o c e d u r e .  C e l l s  i n f e c t e d  w i t h  p h ag e  41c w e re  a l s o
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p r e p a r e d  f o r  e l e c t r o n  m ic r o s c o p y  by  t h e  F o o k e - A c h t e r r a t h  t e c h n i q u e ,  
a  f i x a t i o n  recom mended f o r  " c l o s e - t o - l i f e "  p r e s e r v a t i o n  o f  m eso­
somes ( 2 0 ) .  B o th  u n i n f e c t e d  c e l l s  and  i n f e c t e d  c e l l s  sam pled  
t h r o u g h o u t  t h e  f i r s t  35 m in  o f  t h e  l a t e n t  p e r i o d  w e re  u l t r a s t r u c t -  
u r a l l y  i d e n t i c a l  t o  t h o s e  f i x e d  by t h e  R y t e r - K e l l e n b e r g e r  m e th o d ,  
e x c e p t  f o r  t h e  l o c a t i o n  and  s i z e  o f  t h e i r  m esosom es. The i n t e r n a l  
u l t r a s t r u c t u r a l  c o n f i g u r a t i o n  o f  t h e s e  m esosom es was t h e  same a s  
w i th  t h e  R y t e r - K e l l e n b e r g e r  m e thod  ( s e e  a b o v e ) ,  b u t  t h e i r  m a in  
b o d i e s  w e re  p e r i p h e r a l l y  l o c a t e d  and  u s u a l l y  d i d  n o t  e x t e n d  i n t o  
t h e  c e n t e r  o f  t h e  c y t o p la s m  ( F i g u r e  9 ) .  T h i s  was i n  a g re e m e n t  
w i t h  t h e  e f f e c t s  r e p o r t e d  f o r  t h e  F o o k e - A c h t e r r a t h  p r o c e d u r e  on 
m esosom es i n  S ta p h y l o c o c c u s  a u r e u s  ( 2 0 ) .  B etw een  35 an d  40 m in 
a f t e r  i n f e c t i o n ,  h o w e v e r ,  t h e  p e r i p h e r a l l y  l o c a t e d  m esosom es i n  
B>. s u b t i l i s  moved to w a rd  t h e  c e n t e r  o f  t h e  c y to p la s m  ( w i t h  r e ­
s p e c t  t o  t h e  s h o r t  a x i s  o f  t h e  c e l l )  and  b e g a n  t o  u n f o l d  o r  open  
u p .  T h ro u g h o u t  t h e  r e s t  o f  t h e  l y t i c  c y c l e ,  t h e  m esosom es a s  w e l l  
a s  a l l  o t h e r  c e l l  and  p h a g e  s t r u c t u r e s  a p p e a r e d  i d e n t i c a l  t o  t h o s e  
s e e n  w i t h  t h e  R y t e r - K e l l e n b e r g e r  m e th o d  ( a b o v e ) . I n  f a c t ,  t h e  
m esosom es p r e s e r v e d  w i t h  t h e  F o o k e - A c h t e r r a t h  p r o c e d u r e  e v e n t u a l l y  
t o o k  on t h e  c h a r a c t e r i s t i c  s p i r a l  o r  c o n c e n t r i c  a r r a n g e m e n t  ( F ig ­
u r e  1 5 ) ,  t h a t  was s e e n  i n  t h e  l a t e r  p o r t i o n  o f  t h e  l y t i c  c y c l e  
w i t h  t h e  R y t e r - K e l l e n b e r g e r  m e thod  ( F i g u r e  1 2 ) .
U l t r a s t r u c t u r e  o f  C e l l s  I n f e c t e d  w i t h  P h ag e  41c  and  T r e a t e d  x j i th  CAP
The u l t r a s t r u c t u r e  o f  p h ag e  4 1 c - i n f e c t e d  c e l l s  w h ic h  w ere  
t r e a t e d  w i t h  CAP a t  20 m in  p o s t - i n f e c t i o n  and  exam ined  by t r a n s ­
m i s s i o n  e l e c t r o n  m ic r o s c o p y ,  c o n f i rm e d  t h e  r e s u l t s  o f  p r e v i o u s
FIGURE 15
E l e c t r o n  m ic r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  65 m in a f t e r  
i n f e c t i o n  w i t h  p h ag e  41c ( F o o k e - A c h t e r r a t h  f i x a t i o n ) . 
N o te  p r e s e n c e  o f  p h a g e  h e a d s  and  d i s t i n c t i v e ,  c e n t r a l l y  
l o c a t e d  s p i r a l  o r  c o n c e n t r i c  m esosom es. B ar = 0 .2 5  ym.
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g ro w th  s t u d i e s  ( s e e  a b o v e ) . When CAP was ad d ed  t o  i n f e c t e d  c e l l s  
a t  20 m in  p o s t - i n f e c t i o n ,  m a tu r e  p h a g e  w e re  q u i t e  a p p a r e n t  i n  t h i n  
s e c t i o n e d  c e l l s  by 60 m in  p o s t - i n f e c t i o n .  S in c e  CAP i n h i b i t s  p r o ­
t e i n  s y n t h e s i s ,  a l l  o f  t h e  n e c e s s a r y  p r o t e i n s  m u s t  h a v e  b e e n  p r o ­
duced  by t h e  t im e  o f  CAP t r e a t m e n t .  F u r th e r m o r e ,  t h e  d r a s t i c  
a l t e r a t i o n  o f  m esosom es w h ich  o c c u r r e d  i n  i n f e c t e d  c e l l s  a l s o  t o o k  
p l a c e  i n  i n f e c t e d  c e l l s  w h ich  had  b e e n  t r e a t e d  w i t h  t h e  a n t i b i o t i c .
U l t r a s t r u c t u r e  o f  C e l l s  I n f e c t e d  w i t h  P hage  SPPl o r  SP82G
T h ro u g h o u t  t h e  l y t i c  c y c l e ,  c e l l s  i n f e c t e d  w i t h  p h a g e  SPPl 
and  p r e s e r v e d  by  t h e  R y t e r - K e l l e n b e r g e r  p r o c e d u r e  u n d e rw e n t  m orpho­
l o g i c a l  c h a n g e s  w h ich  w e re  i d e n t i c a l  t o  t h o s e  o b s e r v e d  w i t h  4 1 c -  
i n f e c t e d  c e l l s .  The a p p a r e n t  u n f o l d i n g  o f  m esosom es and  t h e i r  
t r a n s i t i o n  t o  t h e  l a m e l l a r  c o n f i g u r a t i o n  was q u i t e  e v i d e n t .  As 
w i t h  p h ag e  4 1 c ,  SPPl p h a g e s  a p p e a r e d  to  be  p r e f e r e n t i a l l y  a s s o c ­
i a t e d  w i t h  t h e  m esosom al m em branes f o r  a  s h o r t  p e r i o d  o f  t i m e .  As 
p h a g e  a c c u m u la te d  t h r o u g h o u t  t h e  c y t o p l a s m ,  t h e  m esosom es t o o k  on 
t h e  c h a r a c t e r i s t i c  s p i r a l  o r  c o n c e n t r i c  p a t t e r n s  ( F i g u r e  16) d e s ­
c r i b e d  ab o v e  f o r  p h ag e  4 1 c .  A l l  o t h e r  e v e n t s  d e s c r i b e d  f o r  4 1 0 -  
i n f  e c t e d  c e l l s  ( a b o v e ) ,  i n c l u d i n g  t h e  e v e n t s  im m e d ia te ly  p r e c e d i n g  
l y s i s  w ere  i d e n t i c a l  f o r  p h ag e  S P P l - i n f e c t e d  c e l l s .
I n  c o n t r a s t  to  t h e  a b o v e ,  a l t e r a t i o n  o r  r e a r r a n g e m e n t  o f  meso­
somes was n o t  o b s e r v e d  d u r i n g  l y t i c  i n f e c t i o n  w i t h  p h a g e  SP82G.
The mesosomes w i t h i n  t h e s e  c e l l s  o f t e n  a p p e a r e d  t o  h a v e  a  t i g h t l y  
p a c k e d  t u b u l a r  c o n f i g u r a t i o n  th r o u g h o u t  t h e  e n t i r e  p e r i o d  o f  i n f e c t ­
i o n  ( F i g u r e  1 7 ) ,  a s  d i d  m esosom es i n  u n i n f e c t e d  c o n t r o l  c e l l s .
FIGURE 16
E l e c t r o n  m i c r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  i n f e c t e d  w i t h  
p h ag e  SPPl ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) . C y to p la sm  co n ­
t a i n s  many p h a g e  h e a d s .  N o te  d i s t i n c t i v e  s p i r a l  o r  con ­
c e n t r i c  c o n f i g u r a t i o n  o f  m esosom es.  B ar = 0 . 3  pm.
FIGURE 17
E l e c t r o n  m i c r o g r a p h  o f  t h i n - s e c t i o n e d  c e l l  i n f e c t e d  w i t h  
p h ag e  SP82G ( R y t e r - K e l l e n b e r g e r  f i x a t i o n ) . C y to p la sm  c o n ­
t a i n s  many p h a g e  h e a d s .  N o te  t i g h t l y  p a c k e d ,  t u b u l a r  co n ­
f i g u r a t i o n  o f  m esosom es.  B ar = 0 . 3  pm.
73
74
I n  c o n t r a s t  t o  t h e  r e s u l t s  w i t h  p h a g e s  41c and  S P P l ,  em pty  h e a d s
and  p a r t i a l l y  f i l l e d  h e a d s  w e re  r e a d i l y  a p p a r e n t  and  c l e a r l y  v i s i ­
b l e  i n  13. s u b t i l i s  c e l l s  i n f e c t e d  w i t h  p h ag e  SP82G.
E le m e n ta l  A n a ly s e s
-H-A l th o u g h  t h e  Ca d e t e c t e d  i n  i n f e c t e d  c e l l s  d i d  n o t  v a r y  to  
any  g r e a t  e x t e n t  f ro m  t h a t  d e t e c t e d  i n  t h e  c o n t r o l  c e l l s ,  t h e r e
was a  d e f i n i t e  d e c r e a s e  i n  p h o s p h o ro u s  and  p o ta s s iu m  ( T a b le  9)
i n  t h e  i n f e c t e d  c e l l s  a s  com pared  to  t h e  c o n t r o l  c e l l s .
S t u d i e s  w i t h  P r o t o p l a s t s
P r o t o p l a s t  f o r m a t i o n  and  s t a b i l i t y . The c o n v e r s i o n  o f  e i t h ­
e r  p h ag e  4 l c - i n f e c t e d  c e l l s  o r  u n i n f e c t e d  c e l l s  t o  p r o t o p l a s t s ,  
i n  t h e  p r e s e n c e  o f  s u c r o s e  o r  s o r b i t o l ,  was n e a r l y  100% c o m p le te  
by 20 m in  a f t e r  ly so z y m e  t r e a t m e n t  ( l i g h t  m i c r o s c o p i c a l  o b s e r v a t ­
io n s )  . O p t i c a l  d e n s i t y  m e a su re m e n ts  o f  u n i n f e c t e d  c e l l s  i n d i c a t ­
ed  t h a t  t h e  e f f i c i e n c y  o f  s o r b i t o l  a s  a  s t a b i l i z e r  was o n ly  a b o u t  
50% t h a t  o f  s u c r o s e  ( F i g u r e  1 8 ) .  T h i s  was c o n f i r m e d  b y  d i r e c t  
p r o t o p l a s t  c o u n t s .  At 135 m in  f o l l o w i n g  t h e  a d d i t i o n  o f  ly so zy m e
g
and  s u c r o s e ,  t h e r e  w e re  1 .1  x 10 p r o t o p l a s t s / m l .  D i r e c t  c o u n t s  
o f  p r o t o p l a s t s  p r e p a r e d  i n  t h e  p r e s e n c e  o f  s o r b i t o l  i n d i c a t e d  a 
c o n c e n t r a t i o n  o f  5 . 1  x  10^ p r c r t o p l a s t s / m l  by t h i s  t i m e .
The s t a b i l i t y  o f  p r o t o p l a s t s  i n  v a r i o u s  m e d ia  was a s s e s s e d  
by  t h e  d e t e r m i n a t i o n  o f  PFU/ml r e c o v e r e d  from  t h e  p r o t o p l a s t s  
(T a b le  1 0 ) .  When 41c i n f e c t e d  p r o t o p l a s t s  w e re  d i l u t e d  i n  s u c ­
r o s e - s u p p le m e n te d  TYS, a l l  o f  t h e  p h a g e  w h ich  w e re  a d d e d  to  t h e  
c u l t u r e  w ere  r e c o v e r e d .  T h i s  i n d i c a t e d  t h a t  0 .5  M s u c r o s e  was an  
e f f e c t i v e  s t a b i l i z e r  f o r  t h e s e  p r o t o p l a s t s .  A p p ro x im a te ly  53% o f
TABLE 9
E n e r g y - d i s p e r s i v e  X -ra y  a n a l y s e s
P e r c e n t o f  T o t a l D e t e c t a b l e
*
C ounts
Na P S Cl K Ca
U n in f e c t e d  C e l l s 9 .6 1 0 .1 5 3 .4 1 0 .6 1 6 .2
4 l c - i n f e c t e d  C e l l s 8 .2 4 .5 0 .8 6 4 .0 4 .5 1 7 .7
S P P l - i n f e c t e d  C e l l s 1 2 .8 2 .4 — 6 6 .3 4 .5 1 4 .0
*
A p p ro x im a te ly  2 0 ,0 0 0  t o t a l  c o u n t s  w ere  c o l l e c t e d  f o r  e a c h  o f  t h e  s a m p le s .
FIGURE 18
E f f e c t s  o f  0 .5  M s u c r o s e  and  s o r b i t o l  on t h e  o p t i c a l  
d e n s i t y  o f  a n  u n i n f e c t e d  p r o t o p l a s t  s u s p e n s i o n .  
Sym bols : $  , s u c r o s e  a d d ed  a s  s t a b i l i z e r ;  B  , 
s o r b i t o l  a d d ed  a s  s t a b i l i z e r .  A rrow s i n d i c a t e  99% 
p r o t o p l a s t s .









Phage 41c r e c o v e r y  from  p r o t o p l a s t s  d i l u t e d  i n  v a r i o u s  m ed ia
D i lu e n t
B a s a l  Medium 
(1.5% a g a r )
S o f t - a g a r  O v e r la y  
(0.8% a g a r )
PFU/ml R eco v e red  
(A verage )
**
R eco v e ry  o f  I n p u t  
(A verage  %)
TYS + s u c r o s e TYS +  s u c r o s e TYS + s u c r o s e 1 .6  x  10 100
S a l i n e TYS TYS 6 .5  x 107 54
TYS TYS TYS 6 .3  x  107 53
*** 7
TYS TYS TYS 3 . 0  x  10 25
A ++
A l l  m ed ia  l i s t e d  above  w ere  s u p p le m e n te d  w i t h  10 mM Ca
* *  8The i n p u t  was d e te rm in e d  to  be  1 .2  x 10 PFU/ml i n  i n t a c t  c e l l s .  D i l u e n t ,  a g a r  p l a t e s
and  s o f t  a g a r  o v e r l a y  u s e d  f o r  i n p u t  d e t e r m i n a t i o n s  c o n t a in e d  TYS and  Ca"^".
***
C h lo ro fo rm  was added  to  t h e  f i r s t  tu b e  o f  t h e  d i l u t i o n  scheme t o  i n s u r e  l y s i s  o f  t h e  
p r o t o p l a s t s .
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t h e  p h a g e  w ere  r e c o v e r e d  from  p r o t o p l a s t s  w h ic h  w e re  d i l u t e d  i n  
s a l i n e  o r  TYS b r o t h  i n  t h e  a b s e n c e  o f  a  s t a b i l i z e r .  T h u s ,  s a ­
l i n e  o r  TYS c o n t r i b u t e d  some o s m o t ic  s t a b i l i t y  t o  t h e  p r o t o ­
p l a s t s .  T h i s  w as c o n f i r m e d  by p h a s e - c o n t r a s t  m i c r o s c o p y .  
I n f e c t e d  p r o t o p l a s t s ,  w h ic h  w ere  l y s e d  w i t h  c h l o r o f o r m  and  
s u b s e q u e n t l y  d i l u t e d  i n  TYS, r e s u l t e d  i n  a  25% r e c o v e r y  o f  t h e  
i n p u t  v i r u s .  P h a s e  m ic r o s c o p y  r e v e a l e d  100% l y s i s  o f  t h e  
p r o t o p l a s t s .  S in c e  p h a g e  41c i s  c h l o r o f o r m  r e s i s t a n t ,  t h e s e  
r e s u l t s  i n d i c a t e d  75% e f f i c i e n c y  f o r  p h ag e  a d s o r p t i o n  and  DNA 
p e n e t r a t i o n  by 15 m in p o s t - i n f e c t i o n  i n  w h o le  c e l l s .
R e p l i c a t i o n  o f  p h a g e  41c i n  p r o t o p l a s t s .  A l th o u g h  i n ­
t a c t  c e l l s  o f  J3. s u b t i l i s  i n f e c t e d  w i t h  p h a g e  41c p ro d u c e d  a
3
b u r s t  o f  a p p r o x i m a t e l y  10 p h ag e  p e r  h o s t  c e l l ,  ly so z y m e  t r e a t ­
ed  c e l l s  ( p r o t o p l a s t s )  p ro d u c e d  a  much s m a l l e r  b u r s t  s i z e .
C e l l s  w h ich  w ere  t r e a t e d  w i t h  ly so zy m e and  s u c r o s e  a t  15 min 
f o l l o w i n g  i n i t i a t i o n  o f  i n f e c t i o n  p ro d u c e d  a  b u r s t  w h ic h  was 
o n ly  1% t h a t  o f  t h e  i n t a c t  c e l l s .  P r o t o p l a s t s  s t a b i l i z e d  w i t h  
s u c r o s e  and  s u b s e q u e n t l y  l y s e d  w i t h  c h l o r o f o r m  im m e d ia te ly  p r i o r  
t o  t h e  p la q u e  a s s a y  n e v e r  p ro d u c e d  a  b u r s t  g r e a t e r  th a n  2% t h a t  
o f  i n t a c t  c e l l s .  I t  i s  n o t  known w h e th e r  t h e  e n t i r e  p o p u l a t i o n  
o f  p r o t o p l a s t s  a l l o w e d  p h a g e  r e p l i c a t i o n  a t  a  2% e f f i c i e n c y  o r  
i f  2% o f  t h e  i n f e c t e d  p r o t o p l a s t s  p ro d u c e d  a  n o rm a l  b u r s t  o f  
p h a g e .  I n  t h e  l a t t e r  c a s e ,  i t  i s  p o s s i b l e  t h a t  1-2% o f  t h e  
i n f e c t e d  c e l l s  e s c a p e d  ly so zy m e  t r e a t m e n t .  I n  a n y  e v e n t ,  t h e  
l y t i c  c y c l e  w h ic h  t o o k  p l a c e  i n  t h e s e  s u c r o s e - s t a b i l i z e d  p r o t o ­
p l a s t s  e x c e e d e d  7 h ( F i g u r e  1 9 ) .  I n  c o n t r a s t ,  t h e  41c l y t i c  
c y c l e  i n  p r o t o p l a s t s  was c o m p le te d  w i t h i n  2 h when s o r b i t o l
FIGURE 19
G row th c u r v e  o f  p h a g e  41c i n  s u c r o s e - s t a b i l i z e d  
p r o t o p l a s t s .  Sym bols :  0  , p r o t o p l a s t s  s t a b i l i z e d  
by  t h e  a d d i t i o n  o f  0 .5  M s u c r o s e  i n  d i l u e n t ,  b a s a l  
m e d ia ,  an d  s o f t - a g a r  o v e r l a y ;  B  , p r o t o p l a s t s  
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was s u b s t i t u t e d  f o r  s u c r o s e  ( F i g u r e  2 0 ) .  The b u r s t  s i z e  was 
l a r g e r  t h a n  t h a t  w h ic h  o c c u r r e d  w i t h  s u c r o s e - s t a b i l i z e d  p r o t o ­
p l a s t s ,  y e t  i t  was o n ly  25-30% t h a t  o f  t h e  b u r s t  s i z e  i n  i n ­
t a c t  c e l l s .  T h is  may h a v e  b e e n  p a r t i a l l y  due  t o  t h e  s p o n ta n ­
e o u s  l y s i s  o f  p r o t o p l a s t s  p r i o r  t o  p h a g e  r e p l i c a t i o n .  S i m i l a r  
to  t h e  r e s u l t s  w i t h  s u c r o s e ,  t h e  number o f  p h a g e  r e c o v e r e d  
from  i n f e c t e d  p r o t o p l a s t s  w h ic h  w ere  s t a b i l i z e d  w i t h  s o r b i t o l  
and  l y s e d  w i t h  c h l o r o f o r m  p r i o r  t o  p l a t i n g  d i d  n o t  d i f f e r  
from  t h a t  o f  p r o t o p l a s t s  w h ich  w e re  h a n d le d  g e n t l y .  A p p a r e n t l y  
p r o t o p l a s t s  w h ic h  c o n t a i n e d  m a tu r e  p h a g e  w e re  n o t  p r o t e c t e d  
from  l y s i s  by e i t h e r  s u c r o s e  o r  s o b i t o l .
U l t r a s t r u c t u r e  o f  u n i n f e c t e d  p r o t o p l a s t s .  P r o t o p l a s t s  
w h ich  w e re  p r e f i x e d  w i t h  g l u t a r a l d e h y d e  a p p e a r e d  s i m i l a r  i n  
u l t r a s t r u c t u r e  t o  t h o s e  w h ich  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y  
( 4 6 , 4 8 ) .  They w ere  g e n e r a l l y  s p h e r i c a l  i n  s h a p e ,  a l t h o u g h  
o v o id  fo rm s  w ere  so m e t im e s  o b s e r v e d  when w a l l  d e g r a d a t i o n  was 
in c o m p l e t e .  S p h e r i c a l  fo rm s  v a r i e d  i n  d i a m e t e r  from  1 .5  t o  2 
ym, b u t  a v e r a g e d  1 .7  ym. The c y t o p l a s m i c  membrane was u s u a l l y  
q u i t e  e v i d e n t  ( F i g u r e  2 1 ) ,  a s  was t h e  e x t r u s i o n  o f  mesosomes 
i n t o  t h e  e x t r a c e l l u l a r  e n v i r o n m e n t .  The e x t r u d e d  mesosomes 
a lw a y s  a p p e a r e d  v e s i c u l a r  i n  c o n f i g u r a t i o n .  Membranous m a t e r ­
i a l  was r a r e l y  o b s e r v e d  i n  p r o t o p l a s t s  w h ic h  w e re  t o t a l l y  d e ­
v o i d  o f  w a l l  m a t e r i a l .  F u r th e r m o r e ,  t h e  n u c l e o p la s m  and  c y t o ­
p la s m ic  p o r t i o n s  o f  t h e  p r o t o p l a s t s  w e re  u s u a l l y  w e l l  d e f i n e d .  
The n u c l e o p la s m  a p p e a r e d  a s  an  e l e c t r o n - t r a n s p a r e n t  r e g i o n  
w i t h i n  t h e  p r o t o p l a s t s  an d  u s u a l l y  o c c u p ie d  a b o u t  o n e - h a l f  t h e  
a r e a  c o n t a i n e d  w i t h i n  t h e  c y t o p l a s m i c  m em brane. The c y to p la s m
FIGURE 20
G rowth c u r v e  o f  p h ag e  A le  i n  s o r b i t o l - s t a b i l i z e d  p r o t o ­
p l a s t s .  Sym bols : 0  , p r o t o p l a s t s  s t a b i l i z e d  by t h e  
a d d i t i o n  o f  0 .5  M s o r b i t o l  i n  d i l u e n t ,  b a s a l  m e d ia ,  and  
s o f t  a g a r  o v e r l a y ;  B  , p r o t o p l a s t s  l y s e d  w i t h  c h l o r o ­
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FIGURE 21
E l e c t r o n  m i c r o g r a p h  o f  t h i n - s e c t i o n e d ,  u n i n f e c t e d  
p r o t o p l a s t s .  N o te  t h e  e x t r u s i o n  o f  m esosom es fro m  
t h e  p r o t o p l a s t s .  P r e f i x e d  i n  1.25% g l u t a r a l d e h y d e  
i n  t h e  p r e s e n c e  o f  0 .5  M s u c r o s e .  B ar  = 1 pm.
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o f  u n i n f e c t e d  p r o t o p l a s t s  was e l e c t r o n - d e n s e  and  a p p e a r e d  r e l a ­
t i v e l y  sm ooth  i n  c o n s i s t e n c y .
U l t r a s t r u c t u r e  o f  p r o t o p l a s t s  i n f e c t e d  w i t h  p h a g e  4 1 c .
The u l t r a s t r u c t u r e  o f  p r o t o p l a s t s  i n f e c t e d  w i t h  p h ag e  41c  was 
i d e n t i c a l  t o  t h a t  o f  u n i n f e c t e d  p r o t o p l a s t s  u n t i l  p h ag e  a p p e a r ­
ed  w i t h i n  them . A l th o u g h  t h e  s a m p le s  w ere  t r e a t e d  w i t h  b o t h  
CAP and  ly s o z y m e ,  i n t a c t  p h a g e  w ere  f i r s t  o b s e r v e d  i n  s a m p le s  
t a k e n  a t  40 m in  p o s t - i n f e c t i o n  ( F i g u r e  2 2 ) .  The p h a g e  a p p e a r e d  
a s  s p h e r i c a l ,  e l e c t r o n - d e n s e  p a r t i c l e s  j u s t  a s  t h e y  d i d  i n  
w h o le  c e l l s  i n f e c t e d  w i t h  p h ag e  4 1 c .  I n  c o n t r a s t  t o  t h o s e  i n  
w h o le  c e l l s ,  h o w ev e r ,  t h e  p h a g e  p a r t i c l e s  i n  p r o t o p l a s t s  n e v e r  
a p p e a r e d  to  b e  m e m b r a n e - a s s o c i a t e d .  I n s t e a d ,  t h e  v e s i c u l a r  
m esosom al m em branes w e re  e x t r u d e d  from  t h e  p r o t o p l a s t s  w h i l e  
t h e  p h ag e  re m a in e d  i n s i d e .  I n  f a c t ,  t h e  p h ag e  w e re  u s u a l l y  
l o c a t e d  on o r  c l o s e  t o  t h e  p e r i p h e r y  o f  t h e  n u c l e o p la s m .  As 
was t h e  c a s e  i n  i n f e c t e d  w ho le  c e l l s  ( a b o v e ) , t h e  c y to p la s m  o f  
t h e  p r o t o p l a s t s  becam e r a t h e r  g r a n u l a r  i n  c o n s i s t e n c y  a s  p h a g e  
a c c u m u la te d .  P e r h a p s  t h i s  was due  t o  a n  e x c e s s  a c c u m u la t io n  
o f  v i r a l  p r o t e i n  s u b u n i t s  a n d / o r  r i b o s o m e s .  The l a t t e r  w e re  
u s u a l l y  v i s i b l e  w i t h i n  m esosom es.
An i n t e r e s t i n g  o b s e r v a t i o n  was made when s a m p le s  w e re  t a k e n  
from  a  4 1 c - i n f e c t e d  c u l t u r e  d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  l y t i c  
c y c l e  i n  t h e  a b s e n c e  o f  a n t i s e r a  t o  t h e  p h a g e .  S in c e  m o s t  o f  
t h e  p r o t o p l a s t s  l y s e d  a s  a  r e s u l t  o f  p h a g e  i n f e c t i o n ,  t h e r e  was 
an  e x c e s s  o f  c e l l u l a r  d e b r i s  ( p a r t i c u l a r l y  m em branous m a t e r i a l  
and  p h ag e  p r o g e n y ) . The phage  w i t h i n  t h e  sam p le  d e m o n s t r a t e d  a  
s t r o n g  a f f i n i t y  f o r  t h e  membranous d e b r i s  ( F i g u r e  2 3 ) .  S in c e
FIGURE 22
E l e c t r o n  m i c r o g r a p h s  o f  t h i n - s e c t i o n e d  p r o t o p l a s t s  t r e a t e d  
w i t h  c h l o r a m p h e n i c o l  and  ly so zy m e  AO m in a f t e r  i n f e c t i o n  
w i t h  p h a g e  4 1 c .  P h ag e  a r e  l o c a t e d  w i t h i n  t h e  p e r i p h e r y  o f  
t h e  n u c l e o p la s m ,  w h i l e  m esosom es a r e  e x t r u d e d  o u tw a r d s .  
P r e f i x e d  w i th  1 .2 5 ^  g l u t a r a l d e h y d e  i n  t h e  p r e s e n c e  o f  0 .5  M 
s u c r o s e .  B a rs  = 0 .5  pm.
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FIGURE 23
E l e c t r o n  m i c r o g r a p h s  o f  p h a g e  41c  a t t a c h m e n t  t o  m em branous 
d e b r i s .  P r e f i x e d  w i t h  1.25% g l u t a r a l d e h y d e  i n  t h e  p r e s ­




t h i s  phenom enon was n o t  o b s e r v e d  i n  s a m p le s  p r e v i o u s l y  t r e a t e d  
w i t h  a n t i s e r a  t o  p h ag e  4 1 c ,  t h e s e  d a t a  s u g g e s t  t h a t  r e c e p t o r  
s i t e s  f o r  p h a g e  4 1 c  a r e  on h o s t  m em branes .
V. DISCUSSION
C h a r a c t e r i z a t i o n  S t u d i e s
P hage  4 1 c ,  o r i g i n a l l y  i s o l a t e d  from  s o i l  ( 9 3 ) ,  i s  a  h i g h l y  
v i r u l e n t  p h ag e  f o r  B a c i l l u s  s u b t i l i s  1 6 8 .  A t t h e  o n s e t  o f  t h i s  
c h a r a c t e r i z a t i o n  s t u d y ,  i t  w as a p p a r e n t  t h a t  t h e r e  w e re  s i g n i f i ­
c a n t  s i m i l a r i t i e s  b e tw e e n  p h a g e s  41c and  S P P l ,  a n o t h e r  p h ag e  
s p e c i f i c  f o r  li .  s u b t i l i s  168 (26) . The p h a g e s  w ere  a l m o s t  i d e n ­
t i c a l  i n  h ead  an d  t a i l  d i m e n s i o n s ,  t a i l  f l e x i b i l i t y ,  h e a d  m orph­
o lo g y ,  and  m o le  % G+C ( 6 4 , 9 3 ) .  They a l s o  s h a r e d  a  s i m i l a r  
d e n s i t y  p a t t e r n  f o r  t h e  l i g h t  and  heavy  s t r a n d s  o f  t h e i r  DNA.
The c a l c u l a t e d  d e n s i t i e s  o f  t h e  l i g h t  and  h eav y  b a n d s  o f  p h a g e
—3 -341c DNA w ere  1 .7 1 4  g cm and  1 .7 2 4  g cm , r e s p e c t i v e l y  ( 9 2 ) .
I n  c o m p a r i s o n ,  t h e  l i g h t  and  h e av y  b a n d s  o f  p h ag e  SPPl DNA
—3 —3w e re  1 .7 1 3  g cm and  1 .7 2 5  g cm , r e s p e c t i v e l y  ( 6 4 ) .  I n t a c t
DNA e x t r a c t e d  f ro m  e i t h e r  p h a g e  had  a  d e n s i t y  v a l u e  o f  1 .7 0 3  g
_3
cm ( 6 4 , 9 2 ) .  I n  a d d i t i o n ,  t h e  m o l e c u l a r  w e i g h t s  o f  t h e i r  r e ­
s p e c t i v e  DNA m o l e c u le s  w e re  q u i t e  s i m i l a r :  3 .0  x  10^ d a l t o n s  
f o r  p h ag e  41c  (9 2 )  and  2 . 5  x 10^ d a l t o n s  f o r  p h a g e  SPPl ( 6 4 ) .
I n  v ie w  o f  t h e  s i m i l a r i t i e s  b e tw e e n  p h a g e s  41c and  S P P l ,  a 
m ore  d e t a i l e d  c o m p a r a t i v e  s t u d y  o f  t h e s e  p h a g e s  was deemed n e c ­
e s s a r y .  The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  p h a g e s  41c and  
SPPl a r e  r e m a r k a b ly  s i m i l a r .  N e i t h e r  p h a g e  c o n t a i n e d  u n u s u a l  
b a s e s  i n  t h e i r  DNAs, a l t h o u g h  t h e  p r e s e n c e  o f  th y m in e  was n o t
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a p p a r e n t  i n  c h r o m a to g r a p h ic  a n a l y s e s  o f  p h ag e  41c  DNA. S in c e  
3
H - th y m id in e  w as i n c o r p o r a t e d  i n t o  p h a g e  41c DNA a s  i t  w as i n  
SPPl DN&, and  n u c l e a r  m a g n e t i c  r e s o n a n c e  (I-TMR) s p e c t r o s c o p y  o f  
p h a g e  41c  DNA i n d i c a t e d  t h a t  th y m id in e  was p r e s e n t ,  t h e  r e s u l t s  
o f  c h r o m a to g r a p h ic  a n a l y s e s  r e m a in  u n e x p l a i n e d . NMR s p e c t r o ­
sc o p y  o f  p h a g e  DNA d i d  n o t  r e v e a l  t h e  p r e s e n c e  o f  u r i d i n e  (68) 
an d  i t  i s  t h e r e f o r e  u n l i k e l y  t h a t  p h ag e  41c  c o n t a i n e d  b o th  o f  
t h e s e  p y r i m i d i n e s .  P e r h a p s  t h e  m e th y l  g ro u p  w h ic h  d i s t i n g u i s h e s  
th y m in e  fro m  u r a c i l  was c l e a v e d  fro m  t h e  m o l e c u le  d u r i n g  t h e  
f o r m i c  a c i d  h y d r o l y s i s  u s e d  i n  t h i s  s t u d y .  T h e re  a r e  no r e p o r t s  
o f  t h i s  i n  t h e  l i t e r a t u r e ,  h o w e v e r .
P h a g e s  41c  and  SPPl e x h i b i t e d  a  c o m p a ra b le  s e n s i t i v i t y  to
b lo c k a g e  o f  i n f e c t i o n  by  DNase o r  s t r e p t o m y c i n .  A l th o u g h  t h e
f o r m e r  was shown t o  i n t e r f e r e  w i t h  p h a g e  41c-DNA p e n e t r a t i o n
d u r i n g  i n f e c t i o n  ( 9 3 ) ,  t h e  l a t t e r  p r o b a b l y  c o m p e te s  w i t h  t h e  
+■+*p h a g e  f o r  t h e  Ca (R.M. Z s i g r a y ,  p e r s o n a l  c o m m u n ic a t io n ) .  O th e r  
s i m i l a r i t i e s  b e tw e e n  t h e  p h a g e s  i n c l u d e d  a  l i m i t e d  h o s t  r a n g e
-f—|-
an d  p o o r  p l a q u i n g  e f f i c i e n c y  i n  t h e  a b s e n c e  o f  Ca . S in c e
j_ |-
L a n d ry  and  Z s i g r a y  (41) showed t h a t  41c h a s  a  s p e c i f i c  Ca r e ­
q u i r e m e n t  f o r  a d s o r p t i o n ,  p e n e t r a t i o n ,  and  i n t r a c e l l u l a r  d e v e l ­
o p m en t,  i t  i s  l i k e l y  t h a t  p h ag e  SPPl a l s o  h a s  a  s i m i l a r  r e q u i r e ­
m e n t .
B ased  on t h e  K v a l u e s  ( v e l o c i t y  c o n s t a n t s )  f o r  a n t i s e r a  
p ro d u c e d  a g a i n s t  p h a g e  4 1 c ,  t h e  p h a g e s  w ere  r e l a t e d  s e r o l o g i c a l l y  
a s  w e l l .  The d i f f e r e n c e  i n  K v a l u e s  was l e s s  th a n  t h a t  w h ic h  was 
fo u n d  b e tw e e n  t h e  K v a l u e s  o f  c l o s e l y  r e l a t e d  T -e v e n  p h a g e s  (200 ,  
5 0 ,  and  90 f o r  T2, T4, and  T7 r e s p e c t i v e l y ;  r e f .  1 ) .  The a n t i ­
g e n i c  s i m i l a r i t y  b e tw e e n  p h a g e s  41c  and  SPPl w as ,  t h e r e f o r e ,
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u n q u e s t i o n a b l e .
P o ly a - . r y la m id e  g e l  e l e c t r o p h o r e s i s  r e v e a l e d  a  s i m i l a r  p a t t ­
e r n  o f  p r o t e i n  s u b u n i t  m o l e c u l a r  w e ig h t  d i s t r i b u t i o n  f o r  d i s r u p t ­
ed  c o n c e n t r a t e s  o f  p h a g e s  41c  and  S P P l .  A minimum o f  15 b a n d s  
was c l e a r l y  r e s o l v e d  f o r  b o t h  p h a g e s .  The m o l e c u l a r  w e ig h t  d e ­
t e r m i n a t i o n s  f o r  p h a g e  SPPl w e re  i n  p a r t i a l  a g re e m e n t  w i t h  t h o s e  
p r e v i o u s l y  r e p o r t e d  f o r  SP Pl by  E s c h e  e t  g l .  (1 7 )  who i d e n t i f i e d  
10 s t r u c t u r a l  p r o t e i n s  f o r  S P P l among a  t o t a l  o f  23 v i r a l -  
d i r e c t e d  p r o t e i n s  (A p p en d ix  ) .  A l th o u g h  a t  l e a s t  15 d i s t i n c t  
s u b u n i t s  w e re  d e t e c t e d  i n  o u r  e x p e r i m e n t s ,  o n l y  4 o f  t h e s e  c o u l d  
b e  m a tc h e d  w i t h  t h e  s t r u c t u r a l  p r o t e i n s  d e s c r i b e d  by  E sch e  e t  
a l .  ( 1 7 ) .  T h ese  w e re  p r e s u m a b ly  p r o d u c t s  o f  g e n e  M18 ( a  h e a d  
p r o t e i n )  and  g e n e s  M10, H13, a n d  M19 ( a l l  t a i l  p r o t e i n s ) .  The 
m ain  d i f f e r e n c e  b e tw e e n  41c  and  SPPl i n  o u r  g e l  p a t t e r n s  was 
t h a t  t h e  f o r m e r  p o s s e s s e d  a  p r o t e i n  w i t h  a  m o l e c u l a r  w e ig h t  o f  
a b o u t  5 4 ,0 0 0  d a l t o n s  t h a t  was a b s e n t  i n  S P P l ,  w h i l e  t h e  l a t t e r  
p o s s e s s e d  a  p r o t e i n  w i t h  a  m o l e c u l a r  w e ig h t  o f  a b o u t  4 1 ,5 0 0  
d a l t o n s  t h a t  was a b s e n t  i n  4 1 c .  O th e r  s m a l l  d i f f e r e n c e s  i n  p r o ­
t e i n  c o n c e n t r a t i o n  w e re  a l s o  o b s e r v e d ,  b u t  t h e  s i g n i f i c a n c e  o f  
t h e s e  d i f f e r e n c e s  i s  u n c l e a r .  P r e s u m a b ly ,  gen e  p r o d u c t s  M14,
M16, and  M17 (1 7 )  w ere  to o  low  i n  m o l e c u l a r  w e ig h t  t o  be  r e s o l v e d  
by o u r  g e l  s y s t e m .  I n  a d d i t i o n ,  M i l ,  M12, and  M15 p r o t e i n s  w e re  
n o t  d e t e c t e d  by o u r  g e l  s y s t e m .  They may h av e  b e e n  p r e s e n t  i n  
a  c o n c e n t r a t i o n  to o  low  t o  b e  o b s e r v e d ,  b u t  t h i s  seem s u n l i k e l y  
b e c a u s e  M15 was r e p o r t e d  t o  b e  a  m a jo r  p r o t e i n  s u b u n i t  f o r  SPPl 
( 1 7 ) .  I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  s a m p le  i n  o u r  g e l s  r e ­
s u l t e d  i n  e x c e s s i v e  t r a i l i n g  and  i n d i s c r e t e  b a n d s .  N e v e r t h e l e s s ,  
p r o t e i n s  w h ic h  E sc h e  e t .  a l . (17 )  p r o p o s e d  to  b e  n o n - s t r u c t u r a l
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w ere  c o n s i s t e n t l y  a p p a r e n t  i n  o u r  g e l s .  A c c o rd in g  t o  t h e i r  d a t a ,  
p r o d u c t s  w h ic h  c o r r e s p o n d e d  t o  g e n e s  E2, E3, M20, M22, L 30 , L33, 
and  w e re  p r e s e n t  i n  o u r  p h a g e  p r e p a r a t i o n s .  We a l s o  d e t e c ­
t e d  t h r e e  p r o t e i n s  w h ic h  w ere  n o t  r e p o r t e d  p r e v i o u s l y .  S in c e  
t h e  v i r u s  c o n c e n t r a t e s  w e re  w ashed  t h r e e  t i m e s  w i t h  s t e r i l e  s a l ­
i n e  by u l t r a c e n t r i f u g a t i o n  and  t h e n  f i l t e r  s t e r i l i z e d  p r i o r  t o  
d i s r u p t i o n ,  we b e l i e v e  t h e s e  r e p r e s e n t  s t r u c t u r a l  p r o t e i n s .  
P e r h a p s  t h e  d i s c r e p a n c y  can  b e  a t t r i b u t e d  t o  t h e  m e th o d s  u s e d  
f o r  p h a g e  d i s r u p t i o n .  I n  t h i s  s t u d y ,  h e a t  was u s e d  to  d i s r u p t  
t h e  s t r u c t u r a l  p r o t e i n s ,  a s  o p p o se d  t o  c h e m ic a l  t r e a t m e n t  w i t h  
DMSO f o l l o w e d  b y  u l t r a c e n t r i f u g a t i o n  t o  s e p a r a t e  h e a d s  and  
t a i l s  ( 1 7 ) .  I t  i s  p o s s i b l e  t h a t  p r o t e i n s  i n v o l v e d  i n  h e a d - t a i l  
a t t a c h m e n t  a n d ,  p e r h a p s ,  i n t e r n a l  p r o t e i n s  w ere  l o s t  d u r i n g  t h e  
c e n t r i f u g a t i o n  s t e p .  The two m e th o d s  c o u l d  n o t  be  com pared  
d i r e c t l y  b e c a u s e  a t t e m p t s  t o  s e p a r a t e  h e a d s  and  t a i l s  by u l t r a ­
c e n t r i f u g a t i o n  f o l l o w i n g  c h e m ic a l  d e n a t u r a t i o n  w e re  u n s u c c e s s ­
f u l  i n  t h i s  l a b o r a t o r y .  On t h e  o t h e r  h a n d ,  i t  i s  p o s s i b l e  t h a t  
t h e  r e s o l u t i o n  o f  f o u r  b a n d s  i n  t h i s  s t u d y  ( c o r r e s p o n d i n g  t o  
m o l e c u l a r  w e i g h t s  o f  4 3 ,0 0 0 ,  4 1 ,5 0 0 ,  4 0 ,0 0 0 ,  and  3 8 ,0 0 0  d a l t o n s )  
w e re  r e p o r t e d  a s  two b a n d s  ( c o r r e s p o n d i n g  t o  m o l e c u l a r  w e i g h t s  
o f  4 2 ,0 0 0  an d  3 9 ,0 0 0  d a l t o n s )  b y  E sc h e  e t  a l .  ( 1 7 ) .  The co n ­
s i s t e n t  a p p e a r a n c e  i n  o u r .  g e l s  o f  a  p r e v i o u s l y  u n r e p o r t e d  p r o ­
t e i n  p o s s e s s i n g  a  m o l e c u l a r  w e ig h t  o f  a b o u t  6 6 ,0 0 0  d a l t o n s  r e ­
m a in s  t o  b e  e x p l a i n e d .
P h a g e s  41c  and  SPPl p ro d u c e d  p l a q u e s  w i t h  s t r i k i n g l y  d i f f e r ­
e n t  m o r p h o l o g ie s .  H ow ever, t h i s  w as n o t  s u f f i c i e n t  t o  c h a r a c t e r ­
i z e  them  a s  s e p a r a t e  e n t i t i e s ,  s i n c e  m u ta n t  s t r a i n s  o f  p h a g e  SPPl 
h a v e  b e e n  r e p o r t e d  t o  v a r y  i n  t h e i r  p l a q u e  m o r p h o lo g ie s  ( 7 6 ) .
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N e v e r t h e l e s s ,  t h e s e  d i f f e r e n c e s  p ro v e d  v a l u a b l e  i n  d e t e r m i n i n g  
t h e  ou tcom e o f  s i m u l t a n e o u s  i n f e c t i o n  o f  13. s u b t i l i s  w i t h  p h a g e s  
41c and  S P P l .  O th e r s  (5 6 )  h a v e  s t u d i e d  t h e  p r o g e n y  r e l e a s e d  
from  13. s u b t i l i s  i n f e c t e d  s i m u l t a n e o u s l y  w i t h  u n r e l a t e d  p h a g e  
and  h a v e  fo u n d  t h a t  t h e s e  p h a g e  c a n  b e  r a n k e d  i n  a  h i e r a r c h i a l  
o r d e r  i n  te rm s  o f  t h e i r  a b i l i t y  t o  d o m in a te  i n f e c t i o n s .  How­
e v e r ,  e x c l u s i o n  o f  e i t h e r  p h a g e  41c  o r  SPP l by t h e  o t h e r  was n o t  
o b s e r v e d ,  t h e r e b y  s u g g e s t i n g  a  c l o s e  r e l a t e d n e s s  b e tw e e n  them .
Due t o  t h e  num erous  s i m i l a r i t i e s  b e tw e e n  p h a g e s  41c and  S P P l ,  
i t  i s  s u g g e s t e d  t h a t  p h a g e  41c  b e  i n c l u d e d  i n  Group 5 o f  t h e  13. 
s u b t i l i s  b a c t e r i o p h a g e s  a s  p ro p o s e d  by  H e m p h i l l  and  W h i te l e y  
( 2 6 ) .
P h y s i o l o g i c a l  S t u d i e s
E n u m e ra t io n  o f  p h a g e  41c d u r i n g  l y t i c  i n f e c t i o n  o f  j3. su b ­
t i l i s  168 i n d i c a t e d  a  l a t e n t  p e r i o d  o f  a b o u t  50 m in  and  a  b u r s t
3
s i z e  o f  a p p r o x i m a t e l y  10 p h ag e  p e r  h o s t  c e l l .  A l th o u g h  t h i s  
l a t e n t  p e r i o d  was s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  o t h e r  13. s u b t i l i s  
p h a g e s ,  t h e  b u r s t  s i z e  was n o t .  Compared to  t h o s e  o f  m o s t  o t h e r  
p h a g e s ,  t h e  b u r s t  s i z e  o f  p h a g e  41c was s t r i k i n g l y  l a r g e r  (2 3 ,  
3 8 , 5 4 , 6 1 , 9 0 ) .  The l a r g e s t  b u r s t  s i z e  r e p o r t e d  p r e v i o u s l y  f o r  a  
13. s u b t i l i s  p h ag e  was t h a t  o f  0 2 9 ,  w h ic h  had  a  b u r s t  o f  570 
p h a g e s  p e r  h o s t  c e l l  ( 7 0 ) .  L ik e  0 2 9 ,  p h ag e  41c may p r o v e  t o  be  
a  v a l u a b l e  t o o l  f o r  g e n e t i c  s t u d i e s .  P r e v i o u s  w ork  w i t h  p h ag e  
SPPl h a s  a l r e a d y  d e m o n s t r a te d  t h e  im p o r ta n c e  o f  t h a t  p h a g e  i n  
s t u d i e s  on h o s t  c o m p e te n c e ,  p h a g e  r e c o m b i n a t i o n ,  and  t r a n s f e c t ­
i o n  ( 6 3 , 7 6 , 7 7 ) .
98
P h ag e  41c  i s  n o t  o n l y  a  v i r u l e n t  p h ag e  i n  t e rm s  o f  i t s  
b u r s t  s i z e ,  b u t  i t  i s  a l s o  e f f i c i e n t  i n  i t s  s y n t h e s i s  o f  p r o ­
t e i n .  The a d d i t i o n  o f  c h l o r a m p h e n i c o l  t o  p h a g e  4 1 c - i n f e c t e d  
c e l l s  a f t e r  30 m in  o f  i n f e c t i o n  d i d  n o t  p r e v e n t  l y s i s  o f  75% 
o f  t h e  c e l l s .  T h u s ,  s t r u c t u r a l  p r o t e i n  s y n t h e s i s  was p r o b a b l y  
c o m p le te  by t h i s  t i m e .  H ow ever, t h e  d e g r e e  o f  l y s i s  was d e ­
p e n d e n t  on  t h e  t im e  t h a t  t h e  a n t i b i o t i c  was a d d ed  to  t h e  i n f e c ­
t e d  c u l t u r e s .  T h i s  was p r o b a b l y  a  r e s u l t  o f  s t a g g e r e d  p h ag e  
a d s o r p t i o n ,  s i n c e  p h a g e  w h ic h  w ou ld  h a v e  a d s o r b e d  5 m in  l a t e r  
t h a n  o t h e r s  w ould  s t i l l  n e e d  t im e  t o  s y n t h e s i z e  p r o t e i n s .  I n  
a d d i t i o n ,  i t  i s  p o s s i b l e  t h a t  l a t e  f u n c t i o n a l  p r o t e i n s  su c h  a s  
ly so z y m e  w ere  n o t  s y n t h e s i z e d  i n  s u i t a b l e  am o u n ts  t o  l y s e  t h e  
c e l l s .  A c c o rd in g  t o  E s c h e  e t  a l .  ( 1 7 ) ,  t h e  s y n t h e s i s  o f  l a t e  
f u n c t i o n a l  p r o t e i n s  d o e s  n o t  b e g i n  u n t i l  a b o u t  25 m in  a f t e r  
i n f e c t i o n  by p h ag e  S P P l .  T h e i r  d a t a  a r e  i n  a g re e m e n t  w i t h  t h a t  
f o r  p h a g e  4 1 c ;  i . e . ,  m ax im al s y n t h e s i s  o f  p h a g e  s t r u c t u r a l  p r o ­
t e i n s  o c c u r r e d  b y  20 m in  p o s t - i n f e c t i o n .  I n  a d d i t i o n ,  i n t a c t  
p h a g e  w ere  n o t  fo u n d  i n  t h i n  s e c t i o n s  o f  p h ag e  4 1 c - i n f e c t e d  c e l l s  
by  20 m in  a f t e r  i n f e c t i o n ,  b u t  w e re  q u i t e  e v i d e n t  by  60 m in  p o s t ­
i n f e c t i o n  ( e v e n  when p r o t e i n  s y n t h e s i s  w as s to p p e d  a t  20 m i n ) . 
T h ese  o b s e r v a t i o n s  m o s t  l i k e l y  i n d i c a t e  t h a t  p h a g e  a s s e m b ly  was 
t h e  m o s t  s i g n i f i c a n t  e v e n t  t h a t  o c c u r r e d  b e tw e e n  20 and  60 min 
p o s t - i n f e c t i o n  i n  t h e s e  e x p e r i m e n t s .  I n  v i v o . p r o t e i n s  w e re  p r o b ­
a b l y  b e in g  s y n t h e s i z e d  c o n t i n u o u s l y  d u r i n g  t h i s  p e r i o d .  T h i s  
w ould  u l t i m a t e l y  r e s u l t  i n  m ore  p h a g e  p e r  h o s t  c e l l ,  m ore  l y s o ­
zyme p r o d u c e d ,  and  t h e r e f o r e ,  m ore l y s i s  o f  c e l l s .
P hage  SPPl was shown to  d e v e lo p  i n  t h e  p r e s e n c e  o f  a c t i v e
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h o s t  f u n c t i o n s  ( 1 6 ) .  I n  t h a t  s t u d y ,  t h e  i n h i b i t i o n  o f  h o s t  DNA
s y n t h e s i s  by  h y d r o x y p h e n y l - a z o - u r a c i l  (HPUra) a l s o  i n h i b i t e d
p h ag e  SP Pl DNA r e p l i c a t i o n .  F u r th e r m o r e ,  t h e  h o s t  enzym e, g l y -
c e r o l p h o s p h a t e  d e h y d r o g e n a s e  c o u ld  b e  in d u c e d  a t  a l l  t i m e s  a f t e r
i n f e c t i o n  ( 1 6 ) .  R e s u l t s  r e p o r t e d  i n  t h i s  d i s s e r t a t i o n  i n d i c a t e d
t h a t  a  4 1 c - i n f e c t e d  c u l t u r e  o f  B_. s u b t i l i s  i n c r e a s e d  i n  o p t i c a l
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d e n s i t y  u n t i l  l y s i s  b e g a n .  I n  a d d i t i o n ,  t h e  r a t e  o f  H - th y m i-  
d i n e  u p t a k e  i n  4 1 c - i n f e c t e d  c e l l s  was a b o u t  t h e  same a s  t h a t  o f  
S P P l - i n f e c t e d  c e l l s .  S i n c e  b o t h  h o s t  an d  p h a g e  m a c r o m o le c u la r  
s y n t h e s e s  w e re  p r o b a b l y  o c c u r r i n g ,  t h e r e  was u n d o u b te d ly  compe­
t i t i o n  b e tw e e n  p h a g e  an d  h o s t  f o r  c e l l  m a c h in e r y .  T h u s ,  i n f e c t e d  
c e l l s  d i d  n o t  t a k e  up t h e  l a b e l  a t  a  h i g h e r  r a t e .  Toward t h e  
l a t t e r  p o r t i o n  o f  t h e  l y t i c  c y c l e ,  u n i n f e c t e d  c o n t r o l  c e l l s  
a p p e a r e d  t o  t a k e  up t h e  n u c l e o t i d e  a t  a  h i g h e r  r a t e .  However, 
t h i s  was p r o b a b l y  n o t  a c t u a l l y  o c c u r r i n g  b e c a u s e  i n f e c t e d  c e l l s  
b e g a n  l y s i n g  by t h a t  t i m e .
The c o n t i n u i t y  o f  h o s t  DNA s y n t h e s i s  d u r i n g  p h a g e  i n f e c t i o n  
i n  B_. s u b t i l i s  i s  n o t  u n u s u a l ,  a l t h o u g h  i t  d o e s  d i f f e r  f ro m  t h e  
e v e n t s  w h ich  o c c u r  d u r i n g  p h a g e  i n f e c t i o n  i n  _E. c o l i . I n  T -e v e n  
p h a g e  i n f e c t i o n s ,  t h e r e  i s  a  r a p i d  sh u t-d o w n  o f  h o s t  s y n t h e s e s ,  
f o l l o w e d  by  d e g r a d a t i o n  o f  h o s t  DNA (26)  . I n f e c t i o n  o f  B_. s u b t i l i s  
by l a r g e  p h a g e s  s u c h  a s  SP82G, SP01, 0 2 5 ,  and SP8 r e s u l t s  i n  t h e  
g r a d u a l  d e c r e a s e  o f  h o s t  m a c ro m o le c u la r  s y n t h e s i s ,  w i t h o u t  t h e  
b reakdow n  o f  h o s t  DNA ( 2 6 , 6 5 , 9 1 ) .  N e v e r t h e l e s s ,  i n f e c t i o n  o f  
e i t h e r  B_. s u b t i l i s  o r  E.  c o l i  by  s m a l l  p h a g e s  (029 a n d  T7, r e ­
s p e c t i v e l y )  h a s  l i t t l e  e f f e c t  on h o s t  f u n c t i o n s  ( 2 6 ) .  I n  v ie w  
o f  t h e  s i z e  o f  p h a g e  4 1 c ,  i t  i s  n o t  s u r p r i s i n g  t h a t  i t  d i d  n o t  
a f f e c t  h o s t  r e p l i c a t i o n .
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U l t r a s t r u c t u r a l  S t u d i e s
T h ese  s t u d i e s  h a v e  s e r v e d  p r i m a r i l y  t o  i l l u s t r a t e  t h e  u l t r a -  
s t r u c t u r a l  c h a n g e s  w h ic h  o c c u r r e d  i n  B^ . s u b t i l i s  d u r i n g  l y t i c  i n ­
f e c t i o n  w i t h  t h e  d o u b l e - s t r a n d e d  DNA p h ag e  4 1 c .  The e f f e c t s  o f  
p h a g e  S P P l ,  a s  w e l l  a s  t h o s e  o f  a  d i s s i m i l a r  p h a g e ,  SP82G, on 
t h e  a p p e a r a n c e  o f  m esosom es i n  h o s t  c e l l s  w e re  a l s o  e x a m in e d .
I n  41c and  S P P l - i n f e c t e d  c e l l s ,  a  r a t h e r  d i s t i n c t  c h a n g e  i n  
t h e  u l t r a s t r u c t u r e  o f  t h e  h o s t  c e l l  i t s e l f  was s e e n  p r i o r  t o  t h e  
a p p e a r a n c e  o f  p h ag e  s t r u c t u r e s .  The mesosomes i n  t h e s e  i n f e c t e d  
c e l l s  n o t  o n l y  o p en ed  up a n d  s p r e a d  t h r o u g h o u t  t h e  c y t o p l a s m ,  
b u t  a l s o  u n d e rw e n t  a  c h a n g e  i n  c o n f i g u r a t i o n  f ro m  v e s i c u l a r  to  
l a m e l l a r .  They c o n t r a c t e d  t o  some e x t e n t  an d  to o k  on  a  d i s t i n c t ­
i v e  s p i r a l  o r  c o n c e n t r i c  fo rm  l a t e r  i n  t h e  l y t i c  c y c l e .  T h ese  
c h a n g e s  a p p e a r e d  to  b e  a  d i r e c t  r e s u l t  o f  t h e  p h ag e  i n f e c t i o n  
i t s e l f ,  r a t h e r  t h a n  a n  e f f e c t  o f  t h e  p r o c e d u r e s  u s e d  t o  p r e p a r e  
t h e  c e l l s  f o r  e l e c t r o n  m ic r o s c o p y .  The a l t e r a t i o n s  w e re  o b s e r v e d
4 4 . -|_i-
i n  c e l l s  ( i n f e c t e d  i n  t h e  p r e s e n c e  o f  Ca o r  Ca an d  Mg ) 
p r e s e r v e d  w i t h  t h e  R y t e r - K e l l e n b e r g e r  p r o c e d u r e ,  o r  w i t h  t h e  
F o o k e - A c h t e r r a t h  t e c h n i q u e  t h a t  h a s  b e e n  recom mended f o r  " c l o s e -  
t o - l i f e "  p r e s e r v a t i o n  o f  b a c t e r i a l  m esosom es ( 2 0 ) .  The c e n t r a l  
l o c a t i o n  o f  mesosom es i n  c e l l s  sam p led  from  t h e  l a t e r  p o r t i o n  o f  
t h e  l y t i c  c y c l e  and  p r e p a r e d  by t h e  F o o k e - A c h t e r r a t h  m ethod  
s u g g e s t e d  t h a t  t h e  e f f e c t s  o f  41c a c t u a l l y  n e g a t e d  t h e  u s u a l  
t e n d e n c y  o f  t h i s  p r o c e d u r e .  A l th o u g h  m esosom es a p p e a r e d  a s  
p e r i p h e r a l  s t r u c t u r e s  i n  u n i n f e c t e d  c e l l s ,  t h e  m esosom es becam e 
c e n t r a l l y  l o c a t e d  d u r i n g  t h e  l a t t e r  p o r t i o n  o f  t h e  l y t i c  c y c l e .
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I n  c o n t r a s t ,  t h e  h o s t  c e l l  m esosom es o f  B_. s u b t i l i s  w e re  n o t  r e ­
a r r a n g e d  o r  a l t e r e d  d u r i n g  i n f e c t i o n  w i t h  p h a g e  SP82G. The m eso­
somes m a i n t a i n e d  a  t u b u l a r  i n t e r n a l  c o n f i g u r a t i o n  t h r o u g h o u t  t h e  
i n f e c t i o n  c y c l e ,  a s  d i d  t h o s e  o f  t h e  u n i n f e c t e d  c e l l s .  T h i s  i n ­
t e r n a l  c o n f i g u r a t i o n  was somewhat d i f f e r e n t  f ro m  t h a t  s e e n  w i t h  
o t h e r  u n i n f e c t e d  c u l t u r e s ,  p r o b a b l y  b e c a u s e  a l l  c e l l s  f o r  t h e
- f -  |
SP82G e x p e r i m e n t s  w e re  grown i n  t h e  p r e s e n c e  o f  a d d e d  Mg . I t  
s h o u ld  b e  n o t e d  i n  t h i s  r e g a r d  t h a t  t h e  j ln  v i v o  c o n f i g u r a t i o n  o f  
m esosom es i s  c u r r e n t l y  a  m a t t e r  o f  c o n t r o v e r s y  ( 1 0 , 2 0 , 2 2 , 2 7 , 5 1 ,  
7 3 ) .  T h e r e f o r e ,  t h e  r e s u l t s  o f  t h i s  s t u d y  d i d  n o t  n e c e s s a r i l y  
i l l u s t r a t e  t h e  t r u e  i n t e r n a l  s u b s t r u c t u r e  o f  B_. s u b t i l i s  m eso­
som es, e i t h e r  b e f o r e  o r  a f t e r  i n f e c t i o n .  N e v e r t h e l e s s ,  i t  was 
c l e a r  from  o u r  r e s u l t s  t h a t  a  m arked  c h a n g e  i n  m esosom al c o n f i g ­
u r a t i o n  to o k  p l a c e  a s  a  r e s u l t  o f  p h ag e  41c  o r  S P P l i n f e c t i o n  and  
t h a t  t h i s  c h a n g e  was n o t  s e e n  d u r i n g  i n f e c t i o n  w i t h  p h ag e  SP82G.
The p h a g e - i n d u c e d  r e a r r a n g e m e n t  o f  h o s t  c e l l  m esosom es d e s ­
c r i b e d  i n  t h i s  s tu d y  i s  a  n o v e l  o b s e r v a t i o n .  I t  h a s  n o t  b e e n  r e ­
p o r t e d  t o  o c c u r  i n  a n y  o f  t h e  e x t e n s i v e l y  s t u d i e d  G r a m - n e g a t iv e  
h o s t - p h a g e  s y s t e m s .  I n v e s t i g a t i o n s  d e a l i n g  w i t h  t h e  u l t r a s t r u c t ­
u r e  o f  l y t i c  i n f e c t i o n s  i n  B a c i l l u s  ( 2 , 3 , 4 3 , 8 1 )  h a v e  n o t  r e p o r t e d  
a l t e r a t i o n s  o f  m esosom es e i t h e r .  T h i s  may i n d i c a t e  t h a t  t h e  
phenomenon i s  l i m i t e d  t o  a  few  p h a g e s  s u c h  a s  41c o r  S P P l .  How­
e v e r ,  t h e  r e l a t i v e  p a u c i t y  o f  d e t a i l e d  u l t r a s t r u e t u r a l  s t u d i e s  on 
G r a m - p o s i t i v e  h o s t - p h a g e  i n t e r a c t i o n s  p r e c l u d e s  a  d e f i n i t e  s t a t e ­
m en t t o  t h i s  e f f e c t  a t  p r e s e n t .
The way i n  w h ic h  m esosom es o f  13. s u b t i l i s  w e re  a l t e r e d  d u r in g  
t h e  l y t i c  c y c l e  i s  n o t  known, a l t h o u g h  i t  i s  u n l i k e l y  t h a t  th e y
j
102
w ere  a l t e r e d  a s  a  c o n s e q u e n c e  o f  p r o t e i n  s y n t h e s i s .  The mesosomes 
re m a in e d  v e s i c u l a r  i n  s t r u c t u r e  when sam pled  a t  20 m in  p o s t - i n f e c t ­
i o n ,  f o l l o w i n g  t h e  a d d i t i o n  o f  c h l o r a m p h e n i c o l .  I t  i s  a l s o  u n l i k e ­
l y  t h a t  t h e s e  c h a n g e s  r e s u l t e d  from  p h ag e  DNA a t t a c h m e n t  t o  mem­
b r a n e  s u r f a c e s .  A l th o u g h  s t u d i e s  w i t h  p h ag e  029 (31)  an d  o t h e r  
v i r u s e s  (26 )  h a v e  i n d i c a t e d  t h a t  t h e  DNAs o f  a l l  15. s u b t i l i s  
p h a g e s  p r o b a b l y  b in d  t o  t h e  membrane b e f o r e  t h e y  u n d e rg o  r e p l i c a t ­
i o n ,  t h e  a l t e r a t i o n  i n  m esosom es was n o t  o b s e r v e d  i n  p h a g e  SP82G- 
i n f e c t e d  c e l l s .  E l e m e n t a l  a n a l y s e s  i n d i c a t e d  t h a t  t h e r e  was a  
d e f i n i t e  d e c r e a s e  i n  t h e  p h o s p h o ro u s  and  p o t a s s iu m  c o n t e n t s  o f  
i n f e c t e d  c e l l s  i n  c o m p a r i s o n  t o  t h o s e  o f  u n i n f e c t e d  c e l l s .  S in c e  
a  d e c r e a s e  i n  t h e  i n t r a c e l l u l a r  p o t a s s iu m  c o n c e n t r a t i o n  h a s  b e e n  
c o r r e l a t e d  w i t h  a  d e c r e a s e  i n  t h e  o s m o t ic  t o l e r a n c e  o f  a  c e l l  (13) 
i t  i s  l i k e l y  t h a t  t h e  c e l l  m em branes w ere  no l o n g e r  m a i n t a i n i n g  
" n o rm a l"  i o n i c  c o n d i t i o n s  w i t h i n  t h e  c e l l .  T h is  may h a v e  b e e n  
due  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  t o  p h ag e  i n f e c t i o n .  A s s o c i a t ­
i o n  o f  p h a g e  r e p l i c a t i o n  w i t h  t h e  h o s t  m em branes c o u l d  h a v e  r e ­
s u l t e d  i n  membrane d e t e r i o r a t i o n  s im p ly  due  to  p h y s i c a l  s t r e s s .
On t h e  o t h e r  h a n d ,  c o m p e t i t i o n  f o r  t h e  r ib o s o m e s  by b o t h  c e l l  and 
p h ag e  d i r e c t e d  mRNA, m ig h t  h a v e  r e s u l t e d  i n  a  d e c r e a s e d  s y n t h e s i s  
o f  membrane s t r u c t u r a l  p r o t e i n s .  S in c e  p r o t e i n s  a c c o u n t  f o r  m ore 
th a n  o n e - h a l f  o f  t h e  d r y  w e ig h t  o f  t h e  c e l l  membrane ( 7 9 ) ,  i t  
w ould  n o t  b e  s u r p r i s i n g  t o  f i n d  t h a t  t h e  m em branes becam e m ore  
p e rm e a b le  t o  some s o l u t e s .  The r e s u l t i n g  o s m o t ic  o r  c h e m ic a l  
c h a n g e s  i n  t h e  c y to p la s m  c o u l d  h av e  l e d  to  t h e  r e a r r a n g e m e n t  o f  
t h e  m esosom es s e e n  d u r i n g  i n f e c t i o n  w i t h  41c o r  S P P l .  I n d i c a t i o n s  
t h a t  p l a s m o l y s i s  o c c u r r e d  l a t e  i n  t h e  l y t i c  c y c l e ,  f u r t h e r  s u p p o r t
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t h i s  p o s s i b i l i t y .  S in c e  c a l c iu m  and  p h o s p h o ru s  c o n c e n t r a t i o n s  
h a v e  b e e n  shown t o  a f f e c t  t h e  s t r u c t u r e  o f  m esosom es ( 1 0 , 7 3 ) ,  
i t  i s  p o s s i b l e  t h a t  t h e  l o s s  o f  p o t a s s iu m  and  p h o s p h o ro u s  from  
i n f e c t e d  c e l l s  was t h e  s p e c i f i c  c a u s e  o f  mesosome r e a r r a n g e ­
m e n ts .
A t t h e  o n s e t  o f  t h i s  s t u d y ,  i t  a p p e a r e d  f e a s i b l e  t h a t  p h ag e  
a s s e m b ly  was m e m b r a n e - a s s o c i a t e d ,  e s p e c i a l l y  s i n c e :  ( i )  p h ag e  
a p p e a r e d  t o  b e  p r e f e r e n t i a l l y  m e s o s o m e - a s s o c i a t e d  e a r l y  i n  t h e  
l y t i c  c y c l e  and  ( i i )  p h ag e  r e p l i c a t i o n  was m a rk e d ly  d e c r e a s e d  
i n  13. s u b t i l i s  p r o t o p l a s t s  when com pared  t o  r e p l i c a t i o n  i n  i n ­
t a c t  c e l l s .  H ow ever, t h e  e x t r u s i o n  o f  m esosom es from  p r o t o ­
p l a s t s  ( p r e p a r e d  from  i n f e c t e d  c e l l s )  n e v e r  r e v e a l e d  a  t im e  a t  
w h ich  t h e  p h ag e  w ere  a t t a c h e d  t o  t h e  e x t r u d e d  m esosom al mem­
b r a n e s .  Y e t ,  t h e y  d id  show a f f i n i t y  f o r  membrane f r a g m e n t s .
S in c e  i t  i s  p o s s i b l e  t h a t  phage-m em brane  a s s o c i a t i o n  was a  v e r y  
s h o r t - l i v e d  a r r a n g e m e n t ,  m ore  f r e q u e n t  s a m p l in g  m ig h t  h av e  d e ­
t e c t e d  s u c h  a n  a s s o c i a t i o n .  R e p l i c a t i o n  i n  s o r b i t o l - s t a b i l i z e d  
p r o t o p l a s t s  was m ore e f f i c i e n t  t h a n  i t  was i n  s u c r o s e - s t a b i l i z e d  
p r o t o p l a s t s ,  p r o b a b l y  d u e  to  a  g e n e r a l  d e c r e a s e  i n  m a c ro m o le c u la r  
s y n t h e s e s  i n  t h e  l a t t e r .  P e r h a p s  t h e  a d d i t i o n a l  e n e r g y  r e q u i r e d  
by t h e  p r o t o p l a s t s  f o r  m a i n t a i n i n g  i t s  i n t e g r i t y  i n  t h e  a b s e n c e  
o f  t h e  c e l l  w a l l  a c c o u n te d  f o r  t h e  d e c r e a s e d  p h ag e  r e p l i c a t i o n  
i n  a l l  p r o t o p l a s t s  a s  com pared  t o  i n t a c t  c e l l s .
The m o s t  e x t e n s i v e  u l t r a s t r u c t u r a l  and p h y s i o l o g i c a l  s t u d i e s  
on t h e  i n t r a c e l l u l a r  d e v e lo p m e n t  o f  J3. s u b t i l i s  p h a g e s  t o  d a t e  a r e  
t h o s e  d e s c r i b i n g  p h ag e  025 by L i l j e m a r k  and  A n d e rso n  (43) and  
phage  029 by  N e ls o n  e t  a l .  ( 5 2 ) .  S e v e r a l  d i f f e r e n c e s  i n  t h e
c o m p a r a t i v e  u l t r a s t r u c t u r a l  e f f e c t s  o f  l y t i c  i n f e c t i o n  b y  p h a g e s  
41c  o r  SPPl v s .  t h o s e  d e s c r i b e d  f o r  025 and  029 w e re  d e t e c t e d  
i n  a d d i t i o n  t o  t h e  r e a r r a n g e m e n t  o f  mesosomes ( s e e n  w i t h  41c  and  
S P P l ,  b u t  n o t  w i t h  025 and  0 2 9 ) .  N e i t h e r  em pty  p a r t i c l e s  n o r  
p a r t i a l l y  f i l l e d  p a r t i c l e s  w e re  e v e r  c l e a r l y  o b s e r v e d  d u r i n g  t h e  
d e v e lo p m e n t  o f  p h a g e s  41c o r  S P P l ,  a l t h o u g h  t h e y  w e re  f r e q u e n t l y  
fo u n d  i n  e l e c t r o n  m i c r o g r a p h s  o f  c e l l s  i n f e c t e d  w i t h  p h a g e s  
SP82G, 025 (4 3 )  and  029 ( 5 2 ) .  H ow ever, N e ls o n  je t  a l .  (52 )  d id
n o t  f e e l  t h a t  t h e  em pty  h e a d s  w e re  t r u e  i n t e r m e d i a t e s  i n  t h e
m o rp h o g e n e s i s  o f  p h a g e  0 2 9 .  I n  c o n t r a s t ,  L i l j e m a r k  and  A n d e rso n  
(43 )  s u g g e s t e d  t h a t  t h e  em pty  h e a d s  an d  p a r t i a l l y  f i l l e d  h e a d s
r e p r e s e n t e d  t r u e  i n t e r m e d i a t e s  o f  p h ag e  025 m a t u r a t i o n .  T h ese
u l t r a s t r u c t u r a l  d i f f e r e n c e s  p r o b a b ly  i n d i c a t e  t h a t  b o t h  p h a g e s  
41c and  SPPl h a v e  a  m echan ism  f o r  i n t r a c e l l u l a r  d e v e lo p m e n t  t h a t  
i s  somewhat d i f f e r e n t  f ro m  t h a t  u s e d  by m ost o t h e r  B_. s u b t i l i s  
p h a g e s .  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by  p h y s i o l o g i c a l  d a t a ,  a s  
w e l l .  U n l ik e  p h a g e s  025 (43) and  SP82G ( 6 5 ) ,  p h a g e s  4 1 c ,  S P P l ,  
an d  029 (52 ) d i d  n o t  r e a d i l y  i n t e r f e r e  w i t h  h o s t  m a c r o m o le c u la r  
s y n t h e s i s .
I n  a d d i t i o n  t o  i n f o r m a t i o n  on p h ag e  r e p l i c a t i o n ,  t h i s  s tu d y  
h a s  p r o v id e d  d o c u m e n ta t io n  o f  t h e  u l t r a s t r u c t u r a l  c h a n g e s  t h a t  
o c c u r  w i t h i n  t h e  h o s t  c e l l  i t s e l f  d u r i n g  t h e  p r o c e s s  o f  l y s i s .  
Our o b s e r v a t i o n s  on  t h e  i n i t i a l  l y t i c  e v e n t s  w e re  s i m i l a r  t o  
t h o s e  o f  o t h e r  i n v e s t i g a t o r s  f o r  b o t h  G r a m - n e g a t iv e  and Gram- 
p o s i t i v e  c e l l s .  W yckoff (88) r e p o r t e d  t h a t  t h e  c e l l  w a l l  o f  _E. 
c o l i  B d i s i n t e g r a t e d  e a r l y  d u r in g  l y s i s ,  w h i l e  t h e  c y t o p l a s m i c  




p o s i t i v e  c e l l s  h a v e  l e d  t o  s i m i l a r  c o n c l u s i o n s  ( 8 , 4 3 ) .  The c e l l  
w a l l  was b r o k e n  down a t  s e v e r a l  p o i n t s  a ro u n d  t h e  p e r i p h e r y  o f  
t h e  c e l l .  T h i s  was a l s o  e v i d e n t  i n  ]3. s u b t i l i s  c e l l s  w h ic h  
l y s e d  a s  a  r e s u l t  o f  i n f e c t i o n  by  025 ( 4 3 ) .  I n  a d d i t i o n ,  t h i n  
s e c t i o n s  o f  s e v e r a l  l y s i n g  c e l l s  ( i n f e c t e d  w i t h  p h a g e  4 1 c)  i n d i ­
c a t e d  t h e  c o m p le te  d i s r u p t i o n  o f  m esosom es. T h i s  l a t t e r  phenome­
non  h a s  n o t  b e e n  d e s c r i b e d  i n  o t h e r  i n v e s t i g a t i o n s  on l y s i n g  
c e l l s .  A b ru p t  c h a n g e s  i n  o s m o t ic  p r e s s u r e  a s  t h e  c y t o p l a s m i c  
membrane r u p t u r e d  may h a v e  c a u s e d  t h e  f i n a l  p e r t u r b a t i o n  o f  
mesosomes o b s e r v e d  i n  t h i s  s t u d y .  I t  was a l s o  p o s s i b l e  t o  f i n d  
s e v e r a l  e x a m p le s  o f  c e l l s  i n  t h e  p r o c e s s  o f  l y s i n g  e v e n  th o u g h  
t h e  c h a n c e s  o f  p r e s e r v i n g  and  o b t a i n i n g  i n f o r m a t i v e  s e c t i o n s  
t h r o u g h  s u c h  c e l l s  a r e  q u i t e  p o o r .  T h ese  e l e c t r o n  m i c r o g r a p h s  
c o n f i r m e d  t h a t  t h e  c y t o p l a s m i c  membrane e v e n t u a l l y  d i d  b u r s t  a t  
one  o r  m ore  o f  t h e  g a p s  fo rm ed  p r e v i o u s l y  i n  t h e  c e l l  w a l l .
The e x a m in a t io n  o f  l y s o z y m e - t r e a t e d  B^ . s u b t i l i s  c e l l s  
c l e a r l y  d e m o n s t r a t e d  t h e  e x t r u s i o n  o f  mesosomes away from  t h e  
c e l l  d u r i n g  p r o t o p l a s t  f o r m a t i o n  ( 1 9 ) .  T hese  m esosom es c o n t a i n e d  
s m a l l  e l e c t r o n - d e n s e ,  s p h e r i c a l  p a r t i c l e s  b e l i e v e d  t o  b e  r i b o ­
somes ( 4 6 ) .  I n  a d d i t i o n ,  t h e  c y t o p l a s m i c  membrane was c l e a r l y  
i n t a c t  an d  t h e  n u c l e o p la s m  was q u i t e  e v i d e n t .  A p p a r e n t l y  t h e  
p r o t o p l a s t s  w e re  c h e m i c a l l y  p r e s e r v e d  w i t h o u t  much c e l l u l a r  d i s ­
t o r t i o n .  A l th o u g h  t h e  p r e s e n c e  o f  p h ag e  i n  i n f e c t e d  p r o t o p l a s t s  
was q u i t e  o b v i o u s ,  t h e  p h ag e  w e re  n e v e r  i n  c l o s e  a s s o c i a t i o n  w i t h  
t h e  m esosom es. I n s t e a d ,  th e y  u s u a l l y  a p p e a r e d  a t  t h e  p e r i p h e r y  
o f  t h e  n u c l e o p la s m .  The f r e q u e n c y  a t  w h ic h  p h a g e - c o n t a i n i n g  
p r o t o p l a s t s  w e re  o b s e r v e d  i n d i c a t e d  t h a t  p h ag e  d i d  r e p l i c a t e  i n
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p r o t o p l a s t s  when a l lo w e d  s u f f i c i e n t  t im e  f o r  a d s o r p t i o n  and  p e n e ­
t r a t i o n  i n  i n t a c t  c e l l s .  The d e c r e a s e d  b u r s t  s i z e  was c o n s i s t e n t  
w i t h  t h a t  r e p o r t e d  by  B r e n n e r  and  S t e n t  (9 )  f o r  r e p l i c a t i o n  o f  
p h a g e  C i n  s u c r o s e - s t a b i l i z e d  p r o t o p l a s t s .  They r e p o r t e d  a  b u r s t  
s i z e  o f  1% o f  t h a t  o f  i n t a c t  c e l l s ,  fo u n d  t h a t  a t  l e a s t  h a l f  o f  
t h e  i n f e c t e d  p r o t o p l a s t s  p ro d u c e d  p h a g e ,  and  fo u n d  t h a t  t h e  i n d i ­
v i d u a l  b u r s t s  w e re  s m a l l .  R e s u l t s  o f  s i m i l a r  e x p e r i m e n t s  d e s ­
c r i b e d  b y  S a l t o n  and  M c Q u il le n  (6 9 )  i n d i c a t e d  t h e  g ro w th  o f  phage  
C i n  _B. mega t e r  ium p r o t o p l a s t s  g a v e  a  maximum p hage  y i e l d  w h ic h  
was o n e - s e v e n t h  t h a t  o f  i n t a c t  o r g a n i s m s .  They c o n s i d e r e d  t h i s  
t o  b e  q u i t e  h i g h  i n  v ie w  o f  t h e  i n a b i l i t y  o f  p r o t o p l a s t s  t o  d i ­
v i d e  i n  b r o t h  medium. N e v e r t h e l e s s ,  r a t e s  and  p h ag e  y i e l d s  v a r i e d  
from  one  e x p e r im e n t  to  a n o t h e r ,  p r o b a b l y  due  t o  t h e  p h y s i o l o g i c a l  
s t a t e  o f  t h e  p r o t o p l a s t  c u l t u r e s  ( 6 9 ) .  A p p a r e n t l y j p r o t o p l a s t s  
r e t a i n e d  s u f f i c i e n t  s t r u c t u r a l  o r g a n i z a t i o n  to  s u p p o r t  t h e  g ro w th  
o f  b a c t e r i o p h a g e s .  H ow ever, i t  i s  d i f f i c u l t  t o  a s s e s s  t h e  r o l e  
o f  m esosom es d u r i n g  p h ag e  41c a s s e m b ly  s i n c e ,  by  d e f i n i t i o n ,  t h e  
f o r m a t i o n  o f  p r o t o p l a s t s  n e c e s s a r i l y  r e s u l t s  i n  t h e  e x t r u s i o n  o f  
m esosom es.
An i n t e r e s t i n g  o b s e r v a t i o n  was made d u r i n g  t h e  p r e p a r a t i o n  o f  
p r o t o p l a s t s  f ro m  B^ . s u b t i l i s  c e l l s  w h ic h  had  b e e n  i n f e c t e d  f o r  
60 m in .  The e x t r a c e l l u l a r  p h a g e  d e m o n s t r a t e d  a  s t r o n g  a f f i n i t y  
f o r  t h e  membranous d e b r i s  ( i n  t h e  a b s e n c e  o f  a n t i s e r a ) ,  s u g g e s t i n g  
t h e  p r e s e n c e  o f  r e c e p t o r  s i t e s  on t h e  h o s t  m em branes . T h i s  was 
n o t  o v e r l y  s u r p r i s i n g ,  s i n c e  J a c o b s o n  and  Landman (32) r e p o r t e d  
t h e  a b i l i t y  o f  a  v a r i e t y  o f  j i .  s u b t i l i s  p h a g e s  ( i n c l u d i n g  p h a g e s  
41c and  SPPl) to  p l a q u e  on  b o th  w a l l e d  and  w a l l - l e s s  fo rm s  o f
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IS. s u b t i l i s . T h ese  a u t h o r s  s u g g e s t e d  t h a t  t h e  a t t a c h m e n t  s i t e s  
i n  t h e  w a l l  a n d  i n  t h e  membrane a r e  e s s e n t i a l l y  t h e  same f o r  
t h e s e  p h a g e s .  I n  a d d i t i o n ,  t h e y  r e p o r t e d  t h a t  p h ag e  41c  a d s o r p t ­
i o n  to  IS. s u b t i l i s  p r o t o p l a s t s  r e s u l t e d  i n  p r o d u c t i v e  l y s i s ,  
a l t h o u g h  no d a t a  p e r t a i n i n g  t o  t h e  b u r s t  s i z e  was p u b l i s h e d  ( 3 2 ) .  
B ased  on  d a t a  p e r t a i n i n g  t o  mesosome a l t e r a t i o n s  and  o t h e r
u l t r a s t r u c t u r a l  o b s e r v a t i o n s ,  DNase s e n s i t i v i t y  ( 9 3 ) ,  and  m u l t i -
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r e q u i r e m e n t s  f o r  Ca ( 4 1 ) ,  i t  seem ed r e a s o n a b l e  t o  c o n c l u d e  t h a t  
p h ag e  41c h a s  a n  u n u s u a l ,  y e t  com plex  m e thod  o f  DNA p e n e t r a t i o n ,  
a n d  i n t r a c e l l u l a r  d e v e lo p m e n t .
SUMMARY
Results of this investigation indicated that phage 41c was
r e m a r k a b ly  s i m i l a r  t o  p h a g e  S P P l ,  a n o t h e r  p h a g e  s p e c i f i c  f o r
B a c i l l u s  s u b t i l i s . The p h ag e  w ere  i d e n t i c a l  i n  m o rp h o lo g y  and
d im e n s io n s ,  b u o y a n t  d e n s i t i e s  o f  t h e i r  s e p a r a t e d  DNA s t r a n d s ,
3
i n c o r p o r a t i o n  o f  H - th y m id in e  i n t o  t h e i r  DNA, s e n s i t i v i t y  o f
i n f e c t i o n  to  d e o x y r i b o n u c l e a s e  o r  s t r e p t o m y c i n ,  h o s t  r a n g e ,  and
p l a q u i n g  e f f i c i e n c y .  S l i g h t  d i f f e r e n c e s  w e re  d e t e c t e d  i n  t h e
m o l e c u l a r  w e i g h t s  o f  t h e i r  s t r u c t u r a l  p r o t e i n  s u b u n i t s  and
p l a q u e  m o r p h o l o g ie s .  M ixed i n f e c t i o n  o f  13. s u b t i l i s  by  p h a g e s
41c an d  SPPl d i d  n o t  r e s u l t  i n  t h e  e x c l u s i o n  o f  e i t h e r  p h a g e ,
t h e r e b y  c o n f i r m in g  a  c l o s e  r e l a t e d n e s s  b e tw e e n  them . I t  i s
s u g g e s t e d  t h a t  p h a g e  41c  b e  i n c l u d e d  i n  Group 5 o f  J3. s u b t i l i s
b a c t e r i o p h a g e s  ( 2 6 ) .  P hage  SP Pl i s  p r e s e n t l y  t h e  s o l e  member
o f  t h i s  g r o u p .
P h y s i o l o g i c a l  d a t a  r e v e a l e d  t h a t  p h ag e  41c i s  a  h i g h l y
v i r u l e n t  p h ag e  f o r  !B. s u b t i l i s . F o l lo w in g  a  l a t e n t  p e r i o d  o f
3
50 m in ,  t h e r e  w as a  b u r s t  s i z e  o f  a b o u t  10 p h ag e  p e r  h o s t  c e l l .  
P hage  4 1 c - d i r e c t e d  p r o t e i n  s y n t h e s i s  was c o m p le te d  b y  20 m in  
p o s t - i n f e c t i o n .  N e v e r t h e l e s s ,  h o s t  r e p l i c a t i o n  c o n t i n u e d  u n t i l  
l y s i s  i n s u e d .
I n f e c t i o n  o f  j3. s u b t i l i s  168 by  p h a g e s  41c o r  SPPl r e s u l t e d  
i n  u l t r a s t r u c t u r a l  c h a n g e s  w h ic h  w ere  n o t  r e p o r t e d  i n  p r e v i o u s  
u l t r a s t r u e t u r a l  s t u d i e s  o f  p h a g e - i n f e c t e d  c e l l s .  I n  t h e  p r e s e n t
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s t u d y ,  a  m arked  r e a r r a n g e m e n t  o f  t h e  m esosom es was s e e n .  D is ­
t i n c t  c h a n g e s  i n  t h e s e  s t r u c t u r e s  w e re  n o t e d  i n  c e l l s  p r e p a r e d  
f o r  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y  by  two d i f f e r e n t  p r o c e d ­
u r e s .  C e l l s  i n f e c t e d  w i t h  t h e  d i s s i m i l a r  p h a g e  SP82G, d i d  n o t  
e x h i b i t  s u c h  u l t r a s t r u c t u r a l  c h a n g e s .  P r o t e i n  s y n t h e s i s  on 
membrane s u r f a c e s  c o u l d  n o t  a c c o u n t  f o r  t h e s e  c h a n g e s  s i n c e  
t h e y  w ere  o b s e r v e d  s u b s e q u e n t  t o  t r e a t m e n t  w i t h  c h l o r a m p h e n i c o l .  
S in c e  a l l  p h a g e  DNA i s  p r o b a b ly  membrane a s s o c i a t e d ,  DNA sy n ­
t h e s i s  w as a l s o  e l i m i n a t e d  a s  a  c a u s e  o f  mesosome a l t e r a t i o n s .  
A l th o u g h  i t  i s  p o s s i b l e  t h a t  p h ag e  a s s e m b ly  w as d i r e c t l y  
a s s o c i a t e d  w i t h  membrane s u r f a c e s ,  p r o t o p l a s t  f o r m a t i o n  n e v e r  
r e v e a l e d  p h a g e  w i t h i n  t h e  e x t r u d e d  m esosom es.
R e s u l t s  o f  e n e r g y  d i s p e r s i v e  X - ra y  a n a l y s i s  c l e a r l y  
showed a  d e c r e a s e  i n  c e l l u l a r  p o t a s s iu m  and  p h o s p h o ro u s  o f  
t h e  i n f e c t e d  c e l l s  a s  com pared  to  t h e  u n i n f e c t e d  c e l l s .  T h i s  
ion ic . ,  c h a n g e  w as p r o b a b l y  a  r e s u l t  o f  damaged m em branes c a u s e d  
b y  p h ag e  i n f e c t i o n .  T h u s ,  i t  seem s l i k e l y  t h a t  t h e  r e a r r a n g e ­
m en t o f  mesosom es was i n f l u e n c e d  by  t h e  i o n i c  c o m p o s i t i o n  




Gene a s s ig n m e n t s  an d  m o l e c u l a r  w e ig h t s  o f  
SPPl p r o t e i n s
Gene
M o le c u la r  W e ig h ts  o f  
P e p t i d e s  ( d a l t o n s )
S t r u c t u r a l  P r o t e i n s  
(+)
E l 1 2 4 ,0 0 0
E2 6 1 ,0 0 0
E3 5 5 ,0 0 0
M10 1 2 0 ,0 0 0
M il 8 3 ,0 0 0 +
M12 9 5 ,0 0 0 +
Ml 3 4 2 ,0 0 0 +
Ml 4 1 7 ,0 0 0 +
M15 4 8 ,0 0 0 +
Ml 6 1 1 ,0 0 0 +
Ml 7 1 3 ,0 0 0 +
M18 3 9 ,0 0 0 +
Ml 9 3 0 ,0 0 0 +
M20 3 5 ,0 0 0 +
M21 , 2 3 ,0 0 0
M2 2 3 2 ,0 0 0
M23 2 1 ,0 0 0
L30 5 1 ,0 0 0
L31 9 8 ,0 0 0
L32 1 0 3 ,0 0 0
L33 7 1 ,0 0 0
C(x)
5 3 ,0 0 0
c(y) 2 8 ,5 0 0
E s c h e ,  H. e t  a l .  (33 )
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